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Abstract 
Five different forms of ribulose 1,5-bisphosphate carboxylase/oxygenase 
(RubisCO; IA, IB, IC, ID, II), the carboxylase of the Calvin-Benson-Bassham cycle 
(CBB), are utilized by plants, algae and autotrophic bacteria for carbon fixation. 
Discrimination against ¹³C by RubisCO is a major factor dictating the stable carbon 
isotopic composition (δ¹³C = {[¹³C/¹²Csample/¹³C/¹²Cstandard] - 1} X 1000) of biomass. To 
date, isotope discrimination, expressed as ε values (={[¹²k/¹³k] - 1} X 1000; ¹²k and ¹³k = 
rates of ¹²C and ¹³C fixation) has been measured for form IA, IB, and II RubisCOs from 
only a few species, with ε values ranging from 18 to 29‰. The aim of this study was to 
better characterize form ID and IC RubisCO enzymes, which differ substantially in 
primary structure from the IB enzymes present in many cyanobacteria and organisms 
with green plastids, by measuring isotopic discrimination and kinetic parameters (KCO2 
and Vmax). Several major oceanic primary producers, including diatoms, 
coccolithophores, and some dinoflagellates have form ID RubisCO, while form IC 
RubisCO is present in many proteobacteria of ecological interest, including marine 
manganese-oxidizing bacteria, some nitrifying and nitrogen-fixing bacteria, and 
extremely metabolically versatile organisms such as Rhodobacter sphaeroides. The ε -
values of the form ID RubisCO from the coccolithophore, Emiliania huxleyi and the 
diatom, Skeletonema costatum (respectively 11.1‰ and 18.5‰) were measured along 
with form IC RubisCO from Rhodobacter sphaeroides and Ralstonia eutropha 
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(respectively 22.9‰ and 19.0‰). Isotopic discrimination by these form ID/IC RubisCOs 
is low when compared to form IA/IB RubisCOs (22-29‰). Since the measured form ID 
RubisCOs are less selective against 13C, oceanic carbon cycle models based on 13C values 
may need to be reevaluated to accommodate lower ε values of RubisCOs found in major 
marine algae. Additionally, with further isotopic studies, the extent to which form IC 
RubisCO from soil microorganisms contributes to the terrestrial carbon sink may also be 
determined. 
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Chapter One: Introduction 
Phytoplankton and their importance for the marine carbon cycle 
Carbon dioxide (CO2) is the main form of carbon in the atmosphere, where as in 
the oceans the major form is bicarbonate (HCO3−; Zeebe and Wolf-Gladrow 2003).  In 
the ocean, the approximate ratio of the forms of dissolved inorganic carbon (DIC: 
CO2:HCO3–:CO32–) are respectively 1:100:10 (Zeebe and Wolf-Gladrow 2003). A 
combination of physical and biological processes, such as carbon fixation by autotrophic 
organisms and the production of CaCO3 shells, influences the distribution of CO2 in 
ocean surface waters. The production of CaCO3 shells by marine organisms releases CO2; 
however, calcification also sequesters DIC, as CaCO3 particles can sink and become 
buried in sediments before they undergo dissolution (Jansen et al., 2002).  Autotrophic 
organisms are able to fix inorganic carbon into particulate organic carbon (POC), which, 
like CaCO3, may be exported into the deep-ocean and sediment through sinking via the 
biological pump, taking carbon out of contact with the atmosphere for hundreds to 
millions of years, influencing atmospheric CO2 and climate (Volk and Hoffert, 1985). 
The POC which is not exported to the ocean floor is oxidized back to DIC by 
heterotrophic organisms, and some of this DIC is released as CO2 back into the 
atmosphere (Jiao et al., 2010). CO2 is generally lower in the ocean’s euphotic zone than 
in deeper waters as a result of photosynthetic consumption at the surface and microbial 
remineralization of organic matter at depth; however, areas of upwelling cause the CO2 
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enriched deep waters to mix with the CO2 depleted surface waters (Hales et al., 2005).  
While the POC reservoir is small, making up around 0.04%-0.06% of oceanic carbon 
(Eglinton and Repeta, 2004), autotrophs are fundamental in maintaining low DIC 
concentrations in surface waters and high concentrations in deep waters.   
Oceanic phytoplankton, which make up less than 1% of the global photosynthetic 
biomass, is responsible for approximately 50% of the global primary production (Field et 
al., 1998, Falkowski and Raven, 2007). Most primary production occurs in the euphotic 
zone, the upper layer of the ocean where light is present in sufficient quantity to sustain 
photosynthesis, primarily by cyanobacteria and eukaryotic algae (Raven 2009, Scanlan et 
al., 2009, Bowler et al., 2010). Phytoplankton serve as the base of the aquatic food web, 
providing the organic carbon source for aquatic life. Although numerically inferior to 
cyanobacteria, three major eukaryotic groups, including diatoms, coccolithophores, and 
dinoflagellates, are responsible for the majority of the flux of organic matter to higher 
trophic levels and the ocean interior and sediments due to their larger cell size 
(Falkowski, et al., 2004).   
Nutrient availability often dictates cell size or taxonomic structure of 
phytoplankton communities, which in turn affects the efficiency of the biological pump 
(Eppley and Peterson, 1979; Chisholm, 1992; Finkel 2010). Low concentrations of 
limiting nutrients such as nitrogen, phosphorus, and iron often inhibit the growth of larger 
phytoplankton species, with less than optimal growth observed at molar ratios less than 
N/P/Iron = 16:1: 0.01 (Sikorowicz  et. al 2005; Elser et. al 2007; Edwards et al., 2011). 
Cyanobacteria, microeukaryotes, and other small phytoplankton species dominate in 
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oligotrophic oceanic regions, such as the tropics and subtropics. The phytoplankton cell 
size affects physiological rates, such as light absorption and nutrient diffusion, uptake and 
requirements, as well as ecological functions, such as sinking and grazing rates (Finkel 
2010). A shift in the phytoplankton community size from small to large celled organisms 
also shifts carbon cycling, from rapid carbon cycling via the microbial loop to more rapid 
sinking of POM and sedimentation of carbon (Laws et al., 2000; Finkel 2010).  
Phytoplankton community structure is important part of the carbon cycle and is required 
to understand the biological pump.   
Coccolithophores 
Coccolithophores are a major component of oceanic phytoplankton. These 
eukaryotes produce organic carbon, calcium carbonate and dimethyl sulfide (DMS) 
which all have an effect on the global climate (de Vargas et al., 2007). All phytoplankton 
fix CO2 into organic matter therefore reducing atmospheric CO2; however, 
coccolithophores are unique in that they also take up bicarbonate to produce coccoliths, 
microscopic plating made of calcium carbonate or calcite (Ca + 2HCO3 ---> CaCO3 + 
H2O + CO2) (Balch et al., 1993). At any one time, a single coccolithophore is surrounded 
by at least 30 coccolith scales (Paasche, 1998). Coccoliths are released into the water 
column when coccolithophores multiply asexually, die, or make too many scales (Balch 
et al., 1993; Fritz and Balch 1996). Coccolithophores produce 90% of the planktonic 
carbonate, making them the leading calcite producers in the ocean (Fabry, 1990; 
Milliman et al., 1999). 
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The estimated total global calcium carbonate productivity for coccolithophores, 
foraminifera, and coral reefs is between 5.8 - 13 Gt CaCO3 year-1 or 0.6 - 1.6 Gt of 
particulate inorganic carbon (PIC) year-1 (Berelson et al., 2007; Balch et al., 2007; 
Schiebel 2002; Graziano et al., 2000; Milliman et al., 1999).  Calcium carbonate 
sedimentary accumulation rates, or the removal of carbon from the actively cycled carbon 
pool, are estimated to be around 0.87 - 1.1 Gt of CaCO3 year-1 (Milliman 1999; Schiebel 
2002), of which 32-80% is contributed by planktonic CaCO3 production. The production 
of calcite also releases CO2, so coccolithophore production is not a net source or sink of 
atmospheric CO2 (Engel et al., 2005; Riebesell et al., 2000; Zondervan et al., 2001, 2002; 
Feng et al., 2008).  However, the presence of coccoliths may cause organic matter or 
‘marine snow’ to sink more rapidly as organic matter tends to aggregate on coccoliths. 
The larger sinking objects deliver carbon to the ocean floor before it can be entrained by 
the microbial loop (Buitenhuis et al., 1996). The co-transport of marine snow with 
coccoliths may offset the atmospheric CO2 increase caused by coccolith production, 
making coccolithophore blooms a carbon sink (Buitenhuis et al., 2001).  
Not only are coccolithophore blooms able to affect the biological carbon pump in 
the ocean, but they are also able to influence regional and global temperature. Many 
phytoplankton produce dimethyl sulphonioproprionate (DMSP);  coccolithophores are 
major producers, synthesizing  100 times more than other phytoplankton species such as 
diatoms (Keller, 1989).  Once DMSP is converted into DMS by bacterial DMSP lyase, 
DMS molecules act as cloud condensation nuclei in the atmosphere, which helps 
stimulate cloud formation. Increasing cloud cover also increases the light and heat that 
are reflected back into space, altering ocean albedo and heat retention (Burkill et al., 
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2002). Additionally, due to light scatter by particulate calcite, coccoliths are also 
responsible for heat and light reflection into the atmosphere (Voss et al., 1998). Since the 
ocean has the capacity to store >1000 times the heat compared to the atmosphere (Levitus 
et al., 2005), coccolithophores can greatly affect global ocean temperatures. 
Out of the estimated 280 species of coccolithophores (Young et al., 2003), 
Emiliania huxleyi is one of the more extensively studied species since it is abundant, 
ubiquitous (occurring in all oceans except the polar regions), easy to cultivate, and plays 
an import role in the global carbon cycle (Paasche, 2002;  Westbroek et al., 1993; 
Zondervan 2007; Brown and Yoder 1994). E. huxleyi is one of the most eurythermal and 
euryhaline phytoplankton species, found in waters varying from 2 - 28 oC (Winter et al., 
1994).  E. huxleyi can grow into massive blooms that reach 100,000 kilometers, when 
water conditions are favorable. During these blooms, E. huxleyi cells account for ~90% 
of the phytoplankton cells in the water (Iglesias-Rodriguez et al., 2002). Generally, 
coccolithophores do not compete well with other phytoplankton species such as diatoms 
and cyanobacteria when nutrients are plentiful, due to their higher sinking rates. 
However, they often thrive in areas that are nutrient poor as they have a greater ability to 
utilize nutrients and light at low values (Schiebel, 2004). 
Diatoms 
With over 20,000 existing species, diatoms are an extremely successful group of 
eukaryotic phytoplankton and are found worldwide in the ocean, fresh water, and soils 
from the tropics to the arctic zone (Mann and Droop 1996). Diatom primary production is 
estimated to be 20 Pg per year (Falkowski and Raven 2007), which is approximately 40% 
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of marine productivity (47 Pg carbon per year) or 20% of global productivity (105 Pg 
carbon per year; Field et al., 1998; Granum et al., 2005). Diatoms account for 
approximately 75% of primary production in nutrient-rich regions, but no more than 25-
30% in nutrient-poor waters. Over half of the organic carbon which is exported to ocean 
sediments can be attributed to diatoms (Nelson et al., 1995; Brzezinski et al., 1998; 
Dugdale and Wilkerson 1998).  
Diatoms are a major exporter of carbon from ocean surface waters. Diatom 
blooms generally occur in areas of upwelling where nutrient rich waters are brought to 
the ocean surface (Armbrust 2009). These blooms generally collapse upon depletion of 
silicate, since silicate is only a required nutrient for diatoms and is not regenerated by 
other plankton species, unlike nitrogen or phosphorus, common limiting nutrients for 
phytoplankton (Ragueneau et al., 2006). Senescent diatom cells descending from the 
upper mixed layer generally exhibit a loss of buoyancy control or the production of 
spores and are found in an assemblage of cells stuck together by mucilage. The cells that 
reach the ocean floor either rest until conditions become favorable during another 
upwelling event, or they are lost to the deep ocean. Diatoms form the basis of the most 
productive ecosystems due to their larger size and ability to form large blooms 
(Ragueneau et al., 2006).  
Diatoms have risen to dominance relatively quickly over the last 100 million 
years partially due to their silicified cell walls. The elaborate silica walls are very diverse 
in shape and pattern and usually consist of two asymmetrical valves that fit together. 
Since silica cell walls require less energy to synthesize than organic cell walls, cells 
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which use silica have a potential competitive advantage (Raven, 1983). However, the 
presence or absence of silica in the environment greatly influences the presence of 
diatoms in the phytoplankton community. In mesocosm studies, diatoms compromised 
70% of the phytoplankton community when silicic acid concentrations exceeded 2 µM 
(Egge and Aksnes, 1992); however, when silica was not present, blooms of the 
coccolithophore E. huxleyi dominated the phytoplankton community (Egge and Jacobsen, 
1997). Silica cell walls act as a form of protection against grazers (Hamm et al., 2003)  
and as an effective pH buffering agent facilitating the conversion of bicarbonate to 
dissolved CO2, thus increasing carbon fixation rates (Milligan, et al., 2002).  
Skeletonema costatum is a well-studied diatom species, inhabiting marine and 
estuarine habitats from temperate to tropical zones. In many of the recurring diatom 
blooms studied of the past 50 years, Skeletonema species have been shown to be the 
dominant phytoplankton species (Borkman and Smayda 2009; Shikata et al., 2008; 
McQuoid and Nordberg 2006; McQuoid and Godhe 2004; Kukert and Riebesell 1998; 
Tiselius and Kuylenstierna 1996). Because of its global distribution and dominance in 
bloom environments, S. costatum has been used as a model for diatom species. 
Soil microbes and importance for the terrestrial carbon cycle 
The terrestrial biosphere acts as a major sink for CO2, primarily due to CO2 
fixation by terrestrial plants (Falkowski et al., 2000; Schimel, 1995). Multiple 
mechanisms, including regrowth of abandoned farmland and logged forests, fertilization, 
and increasing temperatures, are responsible for enhancing the drawdown of atmospheric 
CO2 to the terrestrial biosphere (Fan et al., 1998). However, global carbon models 
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propose a missing terrestrial carbon sink, of disputed nature and geographical location, of 
around 2 - 3 Pg C year-1 (Post and Kwon 2000; Karim 2008; Yuan et al., 2012). Carbon 
fixation by autotrophic microorganisms in the soil has been proposed as a possible source 
of the terrestrial carbon sink (Yuan et al., 2012).  
While microorganisms and macroalgae contribute significantly to carbon fixation 
in the oceans, in soils they generally are thought to be a net source of CO2 due to 
microbial respiration; however, carbon fixation has been shown to be a relevant process 
in soils (Miltner et al., 2004; Miltner et al., 2005; Yuan et al., 2012). Carbon fixation 
genes have been reported in a number of soil studies (Nanba et al., 2004; Selesi et al., 
2005; Videmsek et al., 2009; Tolli and King, 2005). However, relatively few studies have 
focused on carbon fixation activity in soils. One recent study, measuring carbon 
incorporation of 14CO2, has reported microbial CO2 assimilation of around 0.12%-0.59% 
of soil organic carbon, with an estimated rate of assimilation around 0.68 - 4.9 Pg per 
year (Yuan et al., 2012). At this rate, microbial carbon fixation in soils could possibly 
account for up to 4% of the total CO2 fixed by terrestrial ecosystems each year. Genetic 
analysis revealed the dominant autotrophic species in paddy and upland soil habitats were 
proteobacteria phylogenetically related to Azospirillum lipoferum, Rhodopseudomonas 
palustris, Bradyrhizobium japonicum, Ralstonia eutropha, as well as chromophytic algae 
of the phyla Xanthophyta and Bacillariophyta. These results vary from previous findings 
since phototropic CO2 assimilation was predominant in this study, while previous studies 
were completed in the dark (Miltner et al., 2004; Miltner et al., 2005).  
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 Some autotrophic soil proteobacteria are of ecological and commercial 
importance, like the extremely metabolically versatile bacteria, Rhodobacter sphaeroides 
(Tabita, 1999) and Ralstonia eutropha (Cramm, 2009). R. sphaeroides is an α-
proteobacterium capable of nonoxygenic photolithoautotrophic growth and 
photoheterotrophic growth (Qian and Tabita, 1996). R. sphaeroides has been closely 
studied as a model organism for anoxygenic photosynthesis and carbon fixation. R. 
eutropha is a respiratory facultative lithoautotrophic  β-proteobacterium, which can use 
hydrogen as a sole energy source, but can also can grow heterotrophically using organic 
compounds for energy (Bowien and Kusian, 2002; Cramm, 2009). R. eutropha and R. 
sphaeroides are both able to produce polyhydroxyalkanoates (PHAs). PHAs are a class of 
bacterial storage compounds that can accumulate inside cells to levels of up to 90% of 
cellular dry weight when nutrients concentrations are high, to be used as a source of 
carbon and energy when nutrients are limiting. PHA’s may allow for greater carbon 
retention in soils since they are not readily turned over or mineralized. PHA’s also can act 
as a biodegradable polymer substitute for petroleum-based plastics (Khanna and 
Srivastava, 2005; Chanprateep, 2010). 
Impact of anthropogenic CO2 emissions on the ocean 
Since the advent of the Industrial Revolution, almost 50% of anthropogenic CO2 
emissions have been absorbed by the oceans, leading to changes in ocean chemistry 
(Sabine et al., 2004). While the use of fossil fuels has contributed most significantly to 
atmospheric CO2 increases, changes in land use, including deforestation and cultivation 
for food production, account for 30% of the increase (Sabine et al., 2004; Canadell 2002). 
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The increase in anthropogenic CO2 in the atmosphere has caused substantial changes in 
the ocean including decreases in ocean pH (Orr et al., 2005), increase in ocean 
temperature, strengthening in westerly winds as well as the magnitude and intensity of 
storms (Meehl et al., 2007; Goldenberg et al., 2001; Emanuel, 2005), a decrease in 
summer sea ice in the high latitudes (Curran et al., 2003; Serreze et al., 2007), an increase 
in salinity in low-latitude waters, and expansion of the ocean gyres (Behrenfeld et al., 
2006; Polovina et al., 2008; Irwin and Oliver 2009). The ocean has absorbed 
approximately 85% of the entire anthropogenic carbon released to date; however, the 
turnover rate of the ocean is slower than anthropogenic CO2 release, taking several 
centuries to a millennia to uptake the excess atmospheric CO2 (Sabine et al., 2004).  
 As the ocean absorbs atmospheric CO2, ocean surface waters become enriched 
with CO2, causing the formation of carbonic acid, which in turn causes a reduction of pH 
levels. This “ocean acidification” (Caldeira and Wickett 2003; Doney et al., 2009) has 
lead to a decrease in ocean surface waters pH of by ~0.1 units, to an average of pH of 8.1 
(Orr et al., 2005). At atmospheric CO2 levels predicted for the year 2100 (750 ppm), the 
pH of ocean surface water will have dropped by an additional 0.3 units, to a pH of ~7.8 
(Orr et al., 2005), which is outside the natural ocean pH range observed in the past ~300 
million years (Caldeira and Wickett 2003; Key et al., 2004; Solomon et al., 2007). 
The rapid increase in atmospheric CO2 and other greenhouse gases also 
contributes to increasing global temperatures.  The average global temperatures have 
risen by 0.6°C over the past 70 years and are predicted to increase an additional 3°C  by 
2100 (Solomon et al., 2007). The increase in global temperatures not only causes changes 
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in sea levels, sea ice, salinity and ocean gyres, but also strengthens the vertical 
stratification of the ocean. Stratification reduces the nutrient influx from the deep, 
nutrient-rich waters to the surface mixed layer. While stratification decreases vertical 
mixing of nutrients, it also slows the rate at which deep ocean CO2 is brought back into 
contact with the atmosphere. Many waters in the tropics and subtropics are permanently 
stratified (Behrenfeld et al., 2006; Huisman et al., 2006) and it is estimated that by the 
year 2050, the area of permanent stratification will have expanded by 4.0% - 9.4% 
(Sarmiento et al., 2004).  
Anthropogenic climate change is expected to modify environmental conditions of 
the ocean significantly over the next century, greatly influencing phytoplankton 
communities and thus oceanic primary production (Sarmiento et al., 2004; Irwin and 
Finkel 2008; Finkel 2010). Increasing oceanic temperatures affect phytoplankton 
communities through increased thermal and nutrient stratification and through the effect 
of higher temperatures on biological processes. Increased ocean stratification in 
temperate areas suspends phytoplankton in the well lit surface layers leading to increased 
picoplankton growth with earlier spring blooms and longer growing seasons (Winder and 
Schindler 2004; Huisman et al., 1999; Berger et al., 2007). The low productivity, highly 
stratified tropical and subtropical areas, which are dominated by prokaryotic and 
eukaryotic picoplankton, are predicted to expand with climate change (Sarmiento et al., 
2004), reducing overall ocean productivity (Behrenfeld et al., 2006). In polar areas, 
stratification caused by glacial ice melting will shift phytoplankton communities from 
diatoms to smaller size plankton species due to nutrient deprivation (Finkel 2010; Moline 
and Prezelin, 1996).  
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Higher environmental temperatures generally lead to increases in enzymatic 
reaction rates and growth rates of phytoplankton. However, specific phytoplankton 
species and ecotypes differ in the overall temperature effects on cell growth; therefore, 
phytoplankton species composition and the timing of seasonal blooms could change with 
increased temperatures. Temperature increases also lead to the increase of air to ocean 
temperature ratios, which could generate more frequent and intense storms (Solomon et 
al., 2007). Storms suppress ocean stratification temporarily, causing an increase in 
upwelling and nutrient availability in a localized area which selects for the growth of 
larger phytoplankton species (Babin et al., 2004). Additionally, increased winds will 
supply an increase of iron and silicate dust to the temperate oceans, supporting the 
growth of larger phytoplankton species (Sarmiento et al., 2004).  
Phytoplankton cell size could be used to predict the general physiological responses 
of phytoplankton species as well as scale up to ecological and biogeochemical changes in 
phytoplankton communities due to climate change (Lopez-Urrutia, 2008).  The larger 
phytoplankton cells are more likely to respond to increases in CO2 concentrations or 
decreases in other nutrients due to diffusion limitations associated with smaller surface to 
mass ratios in larger cells. In several experiments, high CO2 treatments favored the 
growth of larger cells such as diatoms and coccolithophores, while reporting little to no 
change in picophytoplankton growth (Tortell et al., 2002; Tortell et al., 2008; Engel et al., 
2008; Paulino et al., 2008). However, fossil records of diatoms, coccolithophores and 
dinoflagellates that were exposed to water column stratification or nutrient limitation, 
show a decrease in mean cell size (Finkel et al., 2005; Finkel et al., 2007; Henderiks 
2008; Henderiks and Pagani 2008), suggesting that ocean stratification may act as a 
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downward selective factor on phytoplankton cell size. Due to the importance of large 
phytoplankton cells in both the biological carbon pump and food webs, a shift towards 
smaller phytoplankton species will have numerous negative effects on both the amount of 
carbon exported to the ocean floor and the structure and productivity of pelagic and 
benthic food webs (Pomeroy, 1974; Finkel, 2007). 
Changes in the elemental composition of phytoplankton communities can also 
have cascading effects on the biological pump and food webs. Increasing the CO2 
concentration stimulates carbon fixation since it is typically not CO2-saturated under 
current CO2 levels (Giordano et al., 2005). This enhanced CO2 fixation does not result in 
balanced growth, as uptake of other nutrients remains largely unaffected, resulting in 
increased carbon to nitrogen and phosphorus ratios in phytoplankton biomass (Fu et al., 
2007; Riebesell et al., 2007; Feng et al., 2008; Iglesias-Rodriguez et al., 2008; Beardall et 
al., 2009). Ocean stratification also plays a role in phytoplankton stoichiometry by 
creating nutrient-limited but light-saturated conditions for phytoplankton (Van De Waal 
et al., 2010). The reduced nutrient supply from deep waters and the suspension of 
phytoplankton in the well lit upper layers leads to phytoplankton cells which typically 
show increased carbon to nutrient ratios (Sterner and Elser 2002). Additionally, carbon to 
phosphorus ratios will increase significantly as ocean stratification expands and nitrogen 
fixation increases, since nitrogen fixation will shift entire ecosystems towards phosphorus 
limitation (Karl et al., 1997).  Trace element stoichiometry, such as zinc and cadmium, 
which are used in carbonic anhydrase, will also show a decrease with increasing 
dissolved CO2 (Cullen et al., 1999). Phytoplankton cells with higher carbon to nutrient 
ratios have lower nutritional value, which may cascade throughout the entire food web. 
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Zooplankton species composition may shift away from high phosphorus demanding 
species due to the changes in phytoplankton stoichiometry (Urabe and Waki 2009; Van 
De Waal et al., 2010).  Additionally, the higher carbon to nutrient ratio in phytoplankton 
may lead to an increase in zooplankton carbon release, increasing DOC in the 
environment (Anderson et al., 2005;  Hessen and Anderson et al., 2008).    
Decreasing carbonate concentrations due to increasing ocean acidification may 
cause a reduction in calcification, resulting in a diminishing presence of calcifying 
organism such as the coccolithophorids, corals, foraminifera and mollusks (Riebesell et 
al., 2000; Raven et al., 2005; Orr et al., 2005; Hoegh-Guldberg et al., 2007). With ocean 
acidification, the dissolution of carbonate and carbonate structures in the water column 
will increase, leading to a significant decrease in the burial of carbonate sediments and 
even enhance the dissolution of carbonate in existing sediments (Ridgwell et. al, 2007; 
Nienhuis et al., 2010). Coccolithophores that were exposed to short term elevated CO2 
concentrations produced malformed and smaller coccoliths (Riebesell et al., 2000; Bach 
et al., 2011;  Zondervan, 2007).  Additionally, fossil records of coccolithophores show 
patterns of decreasing calcification with increasing partial pressure of CO2 or decreasing 
concentrations of carbonate (Beaufort, 2011). However, due to its short generation time, 
E. huxleyi was shown to respond to the effects of increased CO2 concentrations through 
adaptive evolution. Cells which were exposed to increased CO2 concentrations for 500 
generations still exhibited higher growth rates and lower calcification rates than cells 
grown with no CO2 concentration change; however, the adapted cells had 50% higher 
calcification rates than non-adapted cells exposed to increased CO2 concentrations 
(Lohbeck et. al, 2012). In fact, the rapid microevolution ability of phytoplankton may 
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have lead to an E. huxleyi morphotype with a heavily calcified cell that was discovered in 
high CO2 waters of the coast of Chile (Beaufort, 2011).  
Model predictions of the effects of climate change on phytoplankton community 
composition and the biological pump are in their infancy (Anderson, 2005). Additional 
stresses on marine ecosystems such as ozone depletion with changes in UV radiation 
(Beardall and Raven, 2004), coastal eutrophication and other anthropogenic pollution 
(Rabalais et al., 2002), and fishing pressures (Myers and Worm, 2003), will also affect 
phytoplankton community structure. Current phytoplankton community growth models 
are rather simplistic, as they are based on growth data from a limited number of 
conditions, for a limited number of phytoplankton groups and account for few predators 
or viruses (Moore et al., 2002; Hood et al., 2006; Follows et al., 2007). Future models 
will need to rely on key eco-physiological traits of phytoplankton communities that are 
able to predict the effects of environmental variables on phytoplankton growth rates, 
elemental cycling and food webs (Finkel 2010).  Specifically, phytoplankton cell size and 
elemental composition and requirements could be used to model the rates which 
phytoplankton communities are able to acquire and process nutrients, modify food web 
structure, alter biogeochemical cycling and evolve to the changing environment (Finkel 
2010).  Stable carbon isotopes could be used to help elucidate the elemental composition 
and requirements of phytoplankton communities. 
Impact of anthropogenic CO2 emissions on the soil 
Increasing atmospheric CO2 concentrations increase terrestrial plant growth, 
which, in turn, affects the availability of nutrients for heterotrophic soil microorganisms 
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(Hungate et al., 1997; Hu et al., 2001). Soil microorganisms are generally carbon limited 
(Smith and Paul 1990); however, short term elevated CO2 leads to an increased organic 
carbon source for microorganisms from decomposed plant biomass, resulting in 
increasing soil microbial biomass and microbial respiration (de Graaff et al., 2006; Hu et 
al., 1999; Blagodatskaya et al., 2010; Rillig et al., 1999; Zak et al., 1993; Zak et al., 
2000).  With increasing bio-available carbon, nitrogen can quickly become the limiting 
growth nutrient in some ecosystems. Increased CO2 concentration have contrasting 
results on nitrogen availability indicating possible ecosystem-specific effects on nitrogen 
acquisition and retention for plant and soil microorganisms (Hu et al., 2006). 
 The importance of microbial autotrophy in soils has just recently been reported. 
Not only have carbon fixation genes have been shown to be widespread in soils (Selesi et 
al., 2007), but microbial autotrophy plays a significant role in carbon sequestration in 
soils (Yuan et al., 2012). The direct effect of increased CO2 emissions on soil autotrophy 
has yet to be studied; however, CO2 has been shown to be a source of soil organic carbon 
(Miltner et al., 2005).  
Stable carbon isotope ratios 
The exchange of carbon through the terrestrial, oceanic, and atmospheric pools is 
traced using the natural abundances of stable carbon isotopes in biochemical, 
physiological and ecological studies. 12C and 13C are stable carbon isotopes with 13C 
composing about 1.1% of all carbon on Earth. Because the activation energy for light 
isotopic species is smaller, reactants with the lighter isotope will react faster resulting in 
different rates of 12C and 13C that are converted into products. Physical and chemical 
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fractionation of inorganic and organic carbon compounds results in variations in 13C/12C 
ratios which are expressed as δ13C values (Hayes, 1993) with respect to a Pee Dee 
Belemnite standard (PDB; Craig 1957).   
δ13C = {[Rsample/Rstandard] – 1} x 1000 
where Rsample   = 13C/12C of the sample , and 
           Rstandard = 13C/12C of the PeeDeeBelemnite standard. 
The more negative the δ13C value, the more 13C depleted the carbon compound relative to 
the standard; the more positive the δ13C value, the more 13C enriched the carbon 
compound.  
Stable carbon isotope ratios: indicators of carbon flow in ecosystems 
In general, the δ13C value of a heterotrophic organism’s biomass will be the sum 
of the δ13C of the organic carbon it consumes and the isotopic effects associated with the 
assimilation and oxidation of carbon. As carbon moves up the food web, its δ13C value 
changes by about +1‰ on average with assimilation, becoming more isotopically 
enriched with each transfer up a trophic level (Fry and Sherr 1989). Since the 
fractionation associated with aerobic heterotrophy is small, the potential exists to use 
isotopes as dietary indicators within food webs. Globally, the δ13C values of biomass 
from marine phytoplankton have a natural range of -6‰ to -30‰ (Rau et al., 1989; 
Descolas-Gros and Fontugne 1990; Falkowski 1991; Johnston and Raven 1992). Since 
consumer δ13C biomass values are within +/-2‰ of their food source (Zohary et al., 
1994; Phillips et al., 2009), the primary producers which support an ecosystem greatly 
influence δ13C biomass values of higher trophic organisms. Additionally, phytoplankton 
biomass exhibits spatio-temporal variations of around 6‰ in the North Atlantic (Barnes 
et al., 2009), in turn affecting pelagic consumer δ13C values in relation to the feeding time 
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and location. If food substrates are regionally distributed with isotopically distinct 
patterns, consumer δ13C values can confirm when and where prey was consumed, 
revealing migration patterns in larger species (Hobson 1999; Schell et al., 2000; Phillips 
et al., 2009; Trueman et al., 2012). While heterotrophic δ13C values are greatly influenced 
by the autotrophic δ13C biomass values that make up the base of the food web, the 
autotrophic biomass δ13C values are greatly influenced by physical, chemical and 
biological factors. These factors include the δ13C value of the inorganic carbon sources, 
diffusive limitation, carbon concentrating mechanisms, and carbon fixation by 
carboxylases. 
Stable carbon isotope ratios: equilibrium effect of CO2 vs. bicarbonate 
Atmospheric CO2 has a δ13C value of -7‰ (Deines 1980) while bicarbonate is 
enriched in 13C relative to CO2 in solution by 8‰ and has a δ13C value around +1‰. 
Although relative abundances of CO2 (aq), aqueous carbon dioxide, and HCO3- varies as 
a function of pH, isotope differences only vary with temperature (Hayes 1993). 
CO2(g)   =  CO2(aq)   =  H2CO3(aq)   =  HCO3-  =  CO32- 
δ13C       -7‰            -6‰               +2‰             +1‰        -0.5‰  
The δ13C value of the carbon source that autotrophs use for carbon fixation will affect 
algal biomass δ13C values (O’Leary et al., 1992). If CO2(aq) is the primary source of 
carbon, the δ13C values will be depleted in 13C compared to δ13C values for organisms 
which rely to some degree on bicarbonate as a carbon source.  
 Globally, the δ13C value of DIC has relatively small variations across the major 
oceans, caused by biological and chemical processes. Across the equator, DIC δ13C 
values vary from 1.3‰ - 2‰, while higher latitudes exhibit higher values around 1.75‰ 
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-2.3‰ and the southern oceans and north Atlantic range from 0.8‰ to 2.25‰ (Kroopnick 
et al., 1985; Freeman 2001).   The Southern oceans and north Atlantic exhibits the largest 
range due to phytoplankton bloom uptake of 12C inorganic carbon, leaving 13C enriched 
inorganic carbon.       
Stable carbon isotope ratios: diffusive limitation 
Autotrophs that mainly use CO2(aq) as the primary source of carbon may have 
enriched biomass δ13C values due to the diffusive limitation of CO2 across the cell 
membrane. The physical process of diffusion of CO2 in water has a small isotopic effect 
(0.7‰ ; O'Leary 1984). However, slow rates of diffusion of CO2 across the cell 
membrane may cause intracellular pools to become enriched in 13CO2. The preferential 
fixation of 12CO2 by carboxylases can create 13C-enriched intracellular pools of 13CO2 
when the rate of CO2 diffusion does not allow for intracellular pools to come to isotopic 
equilibrium with extracellular inorganic carbon.  Since the carboxylases are drawing from 
a pool of 13C-enriched intracellular CO2, the more positive δ13C values of intracellular 
CO2 result in organic carbon with more 13C-enriched values (Rau, 1996).   
 Stable carbon isotope ratios: carbon concentrating mechanisms (CCM)  
 To overcome potential limitation of carbon fixation at low concentrations of CO2, 
nearly all marine phytoplankton have inorganic carbon concentrating mechanisms 
(CCMs) which consist of transporters and other mechanisms to raise the intracellular 
concentration of DIC (Giordano et al., 2005). CCM’s allow for faster growth rates than 
those possible with only a diffusive supply of CO2(aq), increased affinity for DIC in cells 
acclimated to low DIC, and higher internal than external concentrations of CO2(aq) or 
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DIC (Tchernov et al., 2003). With the use of efficient CCMs, CO2 rarely acts as a 
limiting resource for phytoplankton growth; however, species-specific differences exist in 
the exact mechanism and the uptake rates of bicarbonate versus CO2 (Martin and Tortell 
2008; Reinfelder 2011). 
Since bicarbonate is the major species of DIC in the ocean, when phytoplankton 
blooms deplete CO2(aq) to limiting concentrations due to high growth demand (Ibelings 
and Maberly 1998), many species actively transport bicarbonate and/or CO2 into the cell 
to be used for carbon fixation (Kaplan and Reinhold 1999; Martin and Tortell 2008).  
Unlike CO2, bicarbonate is not able to passively diffuse into the cell. Therefore, cells 
which utilize bicarbonate as an inorganic carbon source have to expend energy and 
resources to transport bicarbonate (Reinfelder 2011).  
The reversible dehydration of bicarbonate is catalyzed by the enzyme carbonic 
anhydrase (CA), which is able to maintain equilibrium proportions of CO2 (aq) 
determined by pH and bicarbonate. In some organisms, CO2 is produced at the cell 
surface using an external CA, supplying CO2 to the cell surface where it enters the cell by 
passive or active transport. Other organisms transport bicarbonate into the cell and then 
convert it to CO2 using internal CA. Internal CA is sometimes located in the chloroplast, 
providing a direct supply of CO2 for carbon fixation, or cytoplasmic, trapping bicarbonate 
in the cytoplasm. CA activity has been measured in diatoms (Tortell et al., 2002; Martin 
and Tortell 2006), coccolithophores (Sikes and Wheeler 1982; Rost et al., 2003), and 
dinoflagellates (Nimer et al., 1999; Dason et al., 2004; Lapointe et al., 2008); however, 
the exact role of CA, and activities of bicarbonate transporters, differ between species. 
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There are multiple cellular mechanisms for inorganic carbon concentration across 
and perhaps even within species (Reinfelder 2011). Diatoms and the haptophyte 
Phaeocystis have high efficiency CCMs and in general, their growth is not limited by 
DIC (Tortell et al., 1997; Goldman 1999). Marine diatoms are capable of direct 
bicarbonate uptake (Tortell and Morel 2002; Martin and Tortell 2006), and also express 
increased CA enzyme activity (Colman and Rotatore 1995); however, diatom 
communities have low extracellular CA activity (Martin and Tortell 2006). Some diatom 
species have a single-cell C4 carbon pump which acts as a CCM by synthesizing four 
carbon (C4) organic acids to support the production of 3C sugars (Reinfelder et al., 2000, 
2004; Roberts et al., 2007; Milligan et al., 2009). In contrast, coccolithophores and 
dinoflagellates have low efficacy CCMs and therefore their growth is limited by CO2 
under certain circumstances (Ratti et al., 2007; Riebesell et al., 2007). Coccolithophores 
are capable of utilizing bicarbonate as a source of inorganic carbon (Rost et al., 2003; 
Trimborn et al., 2007); however, CA, when present, has low activity levels, which are 
unregulated by CO2 concentrations (Sikes and Wheeler 1982; Rost et al., 2003; Nimer et 
al., 1997). Production of coccoliths may help supply some CO2 to photosynthetic carbon 
fixation; however, these two processes generally do not support one another except 
possibly under nutrient or light limitation (Sciandra et al., 2003; Schulz et al., 2007; Feng 
et al., 2008).  
More positive biomass δ13C values can result from the presence of a CCM, 
diffusive limitation of CO2, or a combination of both (Raven et al., 2002; Kevekordes et 
al., 2006). The high affinity transporters in some species of phytoplankton allow for little 
leakage of CO2 from the cell. Cells with these transporters approach a closed system, 
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where nearly all the DIC transported into the cell is fixed and very little of the fractional 
effect by source DIC, transport, or carboxylation is shown in δ13C values of the biomass 
(Hayes 1993). Additionally, diatoms which utilize a C4 CCM would also have biomass 
δ13C values which are more positive due to the small fractionation effect associated with 
the C4 carboxylases (Goericke et al., 1994). 
The presence of a CCM could also possibly account for more negative δ13C 
values if it results in rapid inorganic carbon exchange across membranes (Raven et al., 
2002). Both active transport of CO2 or bicarbonate into the cell and the enzymatic 
dehydration of bicarbonate by CA have an associated isotopic discrimination affect, 
which could lead to 13C-depleted intracellular DIC if a substantial amount of DIC leaves 
the cell, erasing any 13C-enrichment associated with carboxylase activity (Raven, 1993). 
The carbon isotope effects on both the enzymatic and non enzymatic dehydration of 
bicarbonate are small (1.009‰; Mook et al., 1974; Paneth and Oleary 1985) and at high 
enzyme concentrations approach equilibrium isotope effect. Some phytoplankton leak 
substantial CO2 to the environment in a light-dependent manner (Tchernov et al., 1998, 
2003), which could result in the internal DIC pool approaching isotopic equilibrium with 
extracellular DIC. These cells would have more negative biomass δ13C values because 
internal CO2 would not be 13C-enriched. 
Kinetic isotope effects 
During a chemical reaction, the lighter isotopic species (e.g., 12CO2) reacts faster 
than the heavier one (13CO2) resulting in different rates of 12C and13C conversion into 
products. The kinetic isotope effect (12k/13k) is the ratio of the reaction rates of two 
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isotopically different molecules. Since kinetic isotope effects are small and close to 1, the 
differences among them are magnified by expressing them as ε values:  
ε = (12k/13k – 1) x 1000  
The isotope fractionation can also be related to δ13C values of substrate and product by 
the equation: ε ≈ Δδ13C = δ13C reactant - δ13Cproduct (Lajtha and Marshall 1994).  
Isotopic fractionation values are commonly determined using a substrate 
depletion method, in which the reaction takes place with a nonreplenished reactant 
(O’Leary, 1980) and the change in substrate concentration and substrate isotope ratio are 
measured over time. The substrate isotope ratio is measured on a mass spectrometer with 
a precision of +/- 0.1‰ (Roeske and O’Leary, 1984; Guy et al.,1993). The Rayleigh 
distillation equation describes the change in the isotopic composition of the substrate, in 
this case DIC, as it is consumed by the following equation: 
 (R/R0)=([S]/[S0]) 1/α) – 1 
            where R = 13DIC / 12DIC  
                       [S] = substrate concentration 
A modified linearized version of the Rayleigh distillation equation can be used when CO2 
is the substrate to calculate the kinetic isotope effects. This equation incorporates the 
equilibrium isotope fractionation factor for DIC (or C):  
            ln(R) = (1/αC – 1) × ln[DIC] + ln (RDIC0/([DIC0]((1/αC) – 1)) 
where R = 13DIC / 12DIC 
                       C =Rbicarbonate / RCO2 
The slope of the line created by regressing the ln[DIC] against the ln(R) is used to 
calculate α, which is used to calculate the ε value:  
ε = (α – 1) x 1000 
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A Pitman estimator is used to calculate the average ε value from replicate experiments 
with different numbers of data points (Scott et al., 2004). The use of the Pitman estimator 
increases the precision of the estimated ε value resulting in a narrower 95% confidence 
interval than possible when using a more conventional multiple regression approach 
(Scott et al., 2004). 
Ribulose-1,5-bisphosphate carboxylase oxygenase (RubisCO), the carboxylase of 
the Calvin- Benson-Bassham cycle (CBB), has a rather large fractionation factor (18-
29‰, Table 1 ). Most biomass has more negative δ13C values than atmospheric CO2 or 
oceanic DIC because the organic carbon originated from organisms which fix carbon 
using the CBB cycle.  
The Calvin-Benson-Bassham cycle  
The CBB cycle is the dominant autotrophic carbon fixation pathway on Earth 
(Tabita et al., 2008). The carboxylase in the CBB cycle is ribulose 1,5-bisphosphate 
carboxylase/oxygenase (RubisCO), which catalyzes the carboxylation of ribulose 1,5-
bisphosphate (RuBP), yielding two molecules of 3- phosphoglycerate (3-PGA). The CBB 
cycle is the only autotrophic carbon fixation pathway operating in eukaryotes and was 
most likely acquired the acquisition of cyanobacterial endosymbionts from which 
chloroplasts arose (Petersen et al., 2006). 
The CBB cycle has three stages: carboxylation, reduction and regeneration 
(Bassham 1971). During carboxylation, RubisCO creates an enediol-enzyme complex 
from RuBP that can capture CO2 or O2. The CO2 captured by the enediol complex 
produces a six carbon intermediate which is immediately split in half, forming two 
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molecules of 3-PGA. During the reduction phase of the CBB cycle, two NADPH 
molecules are used to reduce the two 3-PGA molecules to glyceraldehyde 3-phosphate 
(G3P). To regenerate RuBP, five G3P molecules are used to make three RuBP molecules. 
Some G3P molecule is utilized for biosynthesis (Bassham 1971).  
RubisCO: reaction characteristics 
RubisCO has an innate efficiency problem; CO2 and O2 compete for the 
enediolate intermediate complex at the same active site. When RubisCO fixes O2, 2-
phosphoglycolate (2-PG) is formed, which has limited use to most organisms and it 
generally enters an energy requiring salvage pathway (Tabita et al., 2008). The constant 
drain on the available pool of RuBP results in a decrease of the efficiency of carbon 
fixation by 20-50%, depending on temperature (Tabita et al., 2008; Drake et al., 1997). 
The relative carboxylation and oxygenation activities of RubisCO depend on its ability to 
discriminate between CO2 and O2 (the specificity factor), and the concentrations of CO2 
and O2 at the reaction site. Many studies have attempted to increase RubisCO efficiency 
by suppressing the oxygenation reaction (Andrews and Whitney 2003; Spreitzer and 
Salvucci 2002; Spreitzer 1993; Long et al., 2006).  
In addition to substrate specificity issues, RubisCO is also an extremely slow 
catalyst with a turnover rate of 3-5 sec-1. Some organisms compensate for the slow rate 
by having large amounts of the enzyme present, making RubisCO the most plentiful 
enzyme on earth (Spreitzer and Salvucci 2002). RubisCO enzyme synthesis and activity 
is highly regulated to avoid energetically expensive autotrophic CO2 fixation when under 
unfavorable conditions. For example, changes in irradiance result in activation or 
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inhibition of RubisCO through post translational modifications (MacIntyre et al., 1996; 
Jensen 2004; Houtz 2008; Arnold and Nikoloski 2011). The presence of sufficient CO2 
for catalysis is signaled to the enzyme via carbamylation, which activates the enzyme 
(Lorimer et al., 1980). Uncarbamylated RubisCO, which binds to RuBP prematurely, 
results in an inactive complex that must be reactivated by RubisCO activase (Jordan and 
Chollet 1983; Portis 2003). Green algae and plants possess a Rubisco activase gene, 
while the cbbX gene, commonly found in an operon with RubisCO subunits genes in 
proteobacteria such as R. sphaeroides, encodes a protein that functions as an activase 
(Cajar et al., 2011). In the light, activase enzymes remove inhibitory compounds, such as 
RuBP or 2-Carboxy-D-arabitinol 1-phosphate CA1P, from the active site of RubisCO 
(Portis 2003).  
RubisCO: forms, phylogeny, and function 
 There are significant variations among the structure and kinetic parameters of 
RubisCOs. Four forms of RubisCO are known: forms I, II, III and IV; however, only 
forms I, II, and III catalyze the carboxylation reaction. Form I RubisCO exists as a multi 
subunit protein comprised of 8 large and 8 small subunits (Tabita et al., 2008).  In plants 
and most green algae, the gene encoding the 50KDa large subunit, cbbL, is located in the 
chloroplast genome, while the gene encoding the 15KDa small subunit, cbbS, is located 
in the nuclear genome (Spreitzer 1993).  Both cbbL and cbbS are located in the 
chloroplast genome in diatoms, coccolithophores, and other non-green algae (Tabita 
1999).  These non-green algae also contain a cbbX-like gene immediately downstream 
from the cbbLS genes (Tabita 1999).1. For proteobacteria with form I RubisCOs, the large 
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(cbbL) and small (cbbS) subunit genes are located in discrete operons generally with 
other CBB cycle genes. The eight large subunits form the catalytic core as four dimeric 
pairs with four small subunits on the top and bottom. Form II and form III RubisCOs are 
compromised of only large subunits and the number of dimers differs between organisms 
(Tabita et al., 2008).  
 Form I RubisCOs are divided four subclasses, IA, IB, IC and ID (Tabita 1999). 
Form IA is found in cyanobacteria and proteobacteria (Chen et al., 2004; Scott et al., 
2007; Watson and Tabita 1997), form IB is found in organisms with green plastids and 
cyanobacteria, form IC is found in proteobacteria (Gibson and Tabita 1977; Delwiche 
1996; Paul et al., 2000), and form ID is found in diatoms, coccolithophores, rhodophytes 
and some dinoflagellates (Watson and Tabita 1997).  There is also a form IC/ID found in 
the firmicute Sulfobacillus acidophilus (Caldwell et al., 2007). Within form I RubisCOs 
there is a phylogenic divergence between the IA/IB and IC/ID subclasses. While form 
IA-IB share around 80% amino acid sequence identity, the subgroups IA/IB share only 
approximately 60% identity with IC/ID (Delwiche and Palmer 1996; Tabita 1999). 
RubisCO genes from all four subgroups (IA-ID) are present in phytoplankton (Pichard et 
al., 1997; Paul et al., 1999; Paul et al., 2000). 
Form II RubisCOs are present in peredinin-containing dinoflagellates (Tabita et 
al., 2008) as well as many marine chemolithoautotrophic proteobacteria (Robinson et al., 
1998), where as form III is found only in archaea, mostly anaerobic thermophiles (Finn 
and Tabita 2004). The large subunits of form I-III have sequence identity in the catalytic 
and CO2 binding sites and are therefore evolutionarily related (Tabita 1995; Delwiche 
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1996; Watson et al., 1999); however, they only share about 30-40% amino acid sequence 
overall (Tabita 1995, Watson et al., 1999).  
Form II RubisCO is often found in organisms that also contain a form I RubisCO; 
for example, non-sulphur phototropic bacteria including Rhodobacter sphaeroides, R. 
capsulatus, several Thiobacillus sp. and Hydrogenovibro marinus contain both form I 
and form II enzymes (Gibson and Tabita 1977; Hayashi et al., 1998). For facultative 
autotrophs with both form I and II RubisCOs, form II RubisCO appears to not be the 
major means to acquire carbon (Tabita 1999), but instead introduces carbon into the CBB 
cycle, where it is reduced, effectively turning the CBB cycle into a means to balance the 
intracellular redox potential when oxidizing environmental sources of organic carbon 
(Dubbs and Tabita 2004; Tabita et al., 2008).  
Form III RubisCO in archaea essentially serves as a salvage pathway for RuBP 
produced during purine/pyrimidine metabolism (Finn and Tabita 2004). Archaea which 
have form III RubisCO do not encode all of the CBB enzymes (Watson et al., 1999); 
however, it appears that form III-like RubisCO from a methanogenic archaean ancestor is 
the most probable ancestral source of all RubisCO lineages (Tabita et al., 2008). 
RubisCO: differences in catalytic efficiency 
The CBB cycle originated under high CO2, low O2 conditions, but as 
environmental conditions changed, autotrophic organisms adapted to low CO2, high O2 
conditions. In some organisms the catalytic properties of RubisCO were modified (higher 
CO2 affinity and increased CO2/O2 selectivity) while other organisms developed CCMs 
(Jordan 1981, 1983; Tabita 1988, Tcherkez et al., 2006; Raven et al., 2012). Accordingly 
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kinetic properties of RubisCO enzymes from different species and evolutionary lineages 
differ substantially (Jordan and Ogren, 1981; Horken and Tabita 1999). The CO2 /O2 
specificity factor, which is a measure of the efficiency with which CO2 is able to compete 
with O2, is calculated as: VcKo/VoKc where Vc and Vo are maximal velocities of 
carboxylation and oxygenation and Kc and Ko are Michaelis constants (Laing et al., 
1974). In general, form I RubisCOs have higher specificity factors:   form IC RubisCO 
enzymes from α-proteobacteria have values from 5-10, form IB RubisCO enzymes from 
chlorophyta have values from 60-100, and form ID RubisCO enzymes from rhodophyta 
have the highest specificity values (180-240) (Andersson and Backlund 2008). Form II 
RubisCO enzymes have specificity values which are lower than form I RubisCO (10-15; 
Tabita 1999).  
RubisCO: kinetic isotope effects 
Parallel to the difference in affinity and specificity, isotopic selectivity varies 
among RubisCO enzymes. Different ε values (ε = (12k/13k – 1) x 1000) have been 
measured for a few form IA, IB, and II enzymes (Table 1). The large scatter of δ13C 
biomass values seen in phytoplankton argues for carbon fixation by RubisCO enzymes 
with differing ε values. Marine phytoplankton δ13C values range from -30‰ to -6‰, with 
coccolithophore and diatom blooms ranging from -27‰ to -10‰ (Bidigare et al., 1997; 
Benthien et al., 2007; Kukert and Riebesell 1998; Hinga et al., 1994). While δ13C values 
may be affected by CCMs or reliance on bicarbonate as a main carbon source, obtaining 
the ε values of the form ID enzymes as well as from form IC enzymes could explain the 
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broad range of δ13C biomass values seen in phytoplankton assemblages and also allow for 
accurate carbon cycle modeling involving these organisms. 
Table 1. ε-values from different forms of RubisCO 
Taxon 
Form of 
RubisCO ε value (‰)  References 
Solemya velum symbiont IA 24.5 Scott et al., 2004b 
Prochlorococcus marinus 
MIT9313 
IA 24 Scott et al., 2007 
Spinacia oleracea IB 29 Roeske and O'leary 1985 
Anacystis nidulans IB 22 Guy et al., 1993 
Rhodobacter sphaeroides IC 22.9 in prep 
Ralstonia eutropha IC 19.0 in prep 
Emiliania huxleyi ID 11.1 Boller et al., 2011 
Skeletonema costatum ID 18.6 in prep 
Riftiapachyptila symbiont II 19.5 Robinson et al., 2003 
Rhodospirillum rubrum II 23 Guy et al., 1993 
 
Objective and significance 
Studies of stable carbon isotope compositions in organisms have relied on the 
faulty premise that their RubisCO enzymes have identical catalytic and kinetic properties 
to the well-studied spinach RubisCO, which is a form IB enzyme (Laws et al., 1998, 
2002; Rost et al., 2002).  However, ocean ecosystems are often dominated by primary 
producers with form ID (diatoms and coccolithophores), form IA (cyanobacterial 
picophytoplankton) and form II RubisCO (corals and dinoflagellates), which are 
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phylogenetically and catalytically diverse. Additionally, organisms with form IC 
RubisCO may play a role in the missing carbon sink found in soils. We focused on the 
characterization of form IC enzymes from R. sphaeroides and R. eutropha and form ID 
enzymes from S. costatum and E. huxleyi, since S. costatum and E. huxleyi are both 
abundant, ubiquitous contributors to the global carbon cycle while R. sphaeroides and R. 
eutropha are well studied and characterized organisms. The hypothesis that form ID 
RubisCO will have a low isotopic fractionation value, below the 25‰ “standard” used in 
models, will be tested to offer one explanation for the 13C enriched oceanic 
phytoplankton biomass. IC RubisCO enzymes are hypothesized to have an isotopic 
fractionation value within the range of other measured bacterial RubisCO enzymes 
(19.5‰-24.5‰). Furthermore, the Michaelis-Menten parameters of the form ID enzymes 
from S. costatum and E. huxleyi will be measured and the cbbL gene from S. costatum 
will be sequenced. If there are substantial differences between the fractionation factors of 
form IC and ID RubisCOs, models for food webs or global carbon cycles which utilize 
stable carbon isotopes, will need to be re-assessed.  
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Chapter Two: Low stable carbon isotope fractionation by coccolithophore RubisCO 
 
Note to Reader 
 This chapter has been previously published and the information is used with the 
permission of the publisher. The abstract is included below. Please see appendix A for a 
copy of the full published paper.  
 
Boller, A. J., P. J. Thomas, C. M. Cavanaugh, and K. M. Scott. 2011. Low stable carbon 
isotope fractionation by coccolithophore RubisCO. Geochimica et Cosmochimica Acta 
75: 7200–7207. 
 
Abstract 
The 13C/12C ratio of carbon compounds is used to identify sources and sinks in the 
global carbon cycle. However, the relatively enriched 13C content observed for marine 
organic carbon remains enigmatic. The majority of oceanic carbon is fixed by algae and 
cyanobacteria via the Calvin–Benson–Bassham cycle, yet isotopic discrimination by the 
CO2 fixation enzyme, RubisCO (ribulose 1,5-bisphosphate carboxylase/oxygenase), has 
only been measured for a single marine cyanobacterium. Different forms of RubisCO 
occur in different phytoplankton species (overall amino acid identity varying by as much 
as 75%) and thus may vary in the degree to which they fractionate carbon. Here we 
measured isotope discrimination by RubisCO from the coccolithophore Emiliania 
huxleyi, a cosmopolitan species used as a marine algal model. E. huxleyi RubisCO 
discriminated substantially less (ε = 11.1‰) against 13CO2 than other RubisCO enzymes 
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(18–29‰), despite having Michaelis–Menten kinetic parameters (KCO2 = 72 µM; Vmax = 
0.66 µmol min-1 mg-1 protein) similar to those measured for RubisCO enzymes from 
different organisms. If widespread, decreased isotope discrimination of 13C by 
phytoplankton RubisCO may be a major factor influencing the enriched 13C content of 
marine organic carbon. This finding emphasizes the necessity of (a) determining ε values 
for RubisCOs of other marine phytoplankton and (b) re-evaluation of δ13C values from 
physiological, environmental, and geological studies. 
©2011 Published by Elsevier Ltd. 
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Chapter Three: Isotopic discrimination and kinetic parameters of RubisCO from 
the marine bloom-forming diatom Skeletonema costatum 
 
Diatoms are major primary producers in the ocean, responsible for 20% of global 
marine carbon fixation (Armbrust 2009; Nelson et al., 1995; Tabita et al., 2008).  In areas 
of nutrient upwelling, large blooms of diatoms quickly dominate the phytoplankton 
communities (Armbrust 2009; Nielsen and Hansen 1995; Tabita et al., 2008), and form 
the base of bloom-associated food webs (Dore et al., 2008; Van De Waal et al., 2010).  
The diatom Skeletonema costatum is a common, global member of the plankton 
community in temperate areas (Eilertsen and Degerlund 2010; Li et al., 2010; Varona-
Cordero et al., 2010), and therefore is a good candidate for further investigation into 
diatom carbon fixation kinetics. 
To catalyze carbon fixation, diatoms use ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RubisCO), the carboxylase of the Calvin-Benson-Bassham 
cycle.  Five forms of RubisCO are found in marine organisms (IA, IB, IC, ID, and II; 
Fig.1).  Form ID is particularly prevalent in marine habitats, where it is present in most 
eukaryotic organisms with non-green chloroplasts such as diatoms, coccolithophores, 
rhodophytes, and some dinoflagellates (Watson and Tabita 1997b).  Form IB RubisCO is 
the most extensively studied because it is present in eukaryotic green chloroplasts from 
algae and land plants.  Form IA is also prevalent in marine habitats, found in 
Prochlorococcus and Synechococcus spp. (Chen et al., 2004; Scott et al., 2007; Watson 
35 
 
and Tabita 1997a), and form IC has been detected in marine samples using molecular 
methods (Paul et al., 2000).  Form II RubisCO is present in peredinin-containing 
dinoflagellates (Tabita et al., 2008) as well as many marine chemolithoautotrophic 
bacteria (Robinson et al., 1998).  
Diverse environmental and physiological pressures on carbon fixation have 
selected for RubisCO enzymes with kinetic properties which vary greatly (Tabita 1999).  
KCO2 values of the form I RubisCO enzyme range from 5 to 175 µM while those from 
form II range from 100 to 250µM (Horken and Tabita 1999).  Different forms of 
RubisCO are found in phylogenetically, metabolically and ecologically diverse 
organisms, and hence have evolved varying structural and kinetic properties (e.g.,  
specificity for CO2 versus O2, KCO2 values, and carbon isotopic discrimination; (Tabita et 
al., 2008; Tcherkez et al., 2006).  Stable carbon isotope compositions [δ13C =R/Rstd – 1, 
where R= 13C/12C, Rstd= 13C/12C of the Pee Dee Belemnite standard (O'leary et al., 1992)] 
of phytoplankton biomass have been used to infer the physical and physiological factors 
influencing carbon fixation in the ocean (Hayes 2001; Hugler and Sievert).  δ13C values 
of phytoplankton biomass are more negative (-30‰ to -12.5‰; Bidigare et al., 1997; 
Lara et al., 2010) than ocean dissolved inorganic carbon (DIC; = CO2 + HCO3- + CO3-2; 
0.3‰ to 1.8‰ (Gruber et al., 2002; Keeling et al., 2004; Quay et al., 2007), due to 
isotopic discrimination by RubisCO.  Physical factors, such as DIC isotopic composition 
and nutrient availability, as well as physiological factors, such as growth rate and type of 
carbon concentrating mechanism (CCM) utilized, also have a pronounced effect on 
phytoplankton δ13C values.  In order to estimate the magnitude of these factors on 
biomass δ13C values, it is common to assume RubisCO isotopic discrimination [ε value; = 
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RCO2/Rfixed – 1) x 1000)] is ~25‰ (Bidigare et al., 1997; Burkhardt et al., 1999b; 
Goericke et al., 1994; Laws et al., 1995; Popp et al., 1998).  This assumption is 
problematic, as the few ε values that have been measured in RubisCOs from different 
organisms vary considerably.  Form IA and IB RubisCO enzymes which have been 
studied to date fractionate more (ε = 22‰ to 29‰; Table 1; Guy et al., 1993; Scott et al., 
2007; Scott et al., 2004b) than form ID or form II (ε = 11.1‰ to 19.5‰; (Boller et al., 
2011; Robinson et al., 2003; Roeske and O'leary 1985).  Because organisms with form ID 
RubisCO are ubiquitous and abundant in the ocean, the decreased isotopic discrimination 
by form ID RubisCO could greatly influence 13C content in marine organic carbon and 
may even account for the observed 13C enrichment of marine carbon (Michener 1994).  In 
order to provide a better baseline upon which to decipher the influences of environmental 
and physiological factors on diatom δ13C values, as well as to better understand the 
operation of S. costatum RubisCO in situ, the cbbL gene sequence was verified, as 
available sequences for this enzyme had many ambiguous residues, and ε value and 
Michaelis-Menton parameters were determined. 
Methods 
Diatom cultivation 
Skeletonema costatum cultures (CCMP1332; Provasoli-Guillard National Center 
for Culture of Marine) were grown in f/2 medium (Guillard and Ryther 1962) at 18-22°C, 
under constant illumination.  One L of f/2 media was inoculated with 5 mL of cell 
culture.  After one week of growth, the 1 L culture was added to 4 L of fresh media for 
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another week of growth with aeration. Cells were harvested from the 5 L cultures by 
centrifugation (5000g, 15min), flash-frozen in liquid nitrogen, and stored at -80°C. 
Cloning and sequencing of the RubisCO large subunit gene (cbbL) 
 To resolve some of the ambiguous residues present in publicly available cbbL 
gene sequences, the S. costatum cbbL gene was re-sequenced. DNA was purified from S. 
costatum using the CTAB method (Feil and Feil 2004).  Primers for the S. costatum cbbL 
gene were designed from a partial cbbL sequence (Daugbjerg 1997) and purchased from 
Integrated DNA Technologies (USA).  To amplify the first half of the gene (1bp - 840 
bp), the forward primer 5’-GGGTTACTGGGATGCTTCATACAC-3’ and reverse primer 
5’-CCAACAGCTTTAGCATACTCAGCAC-3’ were used.   The primers used to 
replicate the second half of the gene (560bp - 1428bp) were forward primer 5’-
GGAAGGTATTAACCGTGCATCAGC-3’ and reverse primer 5’-
TCTGTTTGCAGTTGGTGTTTCAGC-3’.  The two PCR products were each ligated into 
the pCR2.1 vector using the TA Cloning Kit (Invitrogen, 45-0046; California, USA).  
The plasmids with RubisCO gene inserts were transformed into One Shot TOP10 cells; 
transformants were grown on Luria agar plates with 100 µg ml-1 ampicillin, 50 µg x ml-1 
kanamycin, and spread with 40 µl of 20 mg x ml-1X-gal solution.  Transformants were 
propagated in Luria broth (100 µg ml-1 ampicillin, 50 µg x ml-1 kanamycin) overnight 
and the plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen, 12125; 
California, USA).  Three different plasmids for each of the two RubisCO gene inserts 
were sequenced (Macrogen, Maryland, USA).  The sequence was deposited at Genbank 
(accession # XXXYYY; sequence will be submitted upon publication of manuscript). 
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Phylogenetic Analysis  
 A phylogenetic analysis of the gene encoding the large subunit of RubisCO 
(cbbL) from S. costatum and other organisms was accomplished using a maximum 
likelihood tree with cbbL sequences obtained from NCBI via-BLASTp.  Amino acid 
sequences were aligned using the ClustalW2 program, and a maximum likelihood tree 
was constructed from the alignment using MEGA 4.0 with 1500 replicates for 
bootstrapping (Tamura et al., 2007). 
RubisCO purification from S. costatum 
RubisCO was partially purified from frozen cell pellets using ammonium sulfate 
precipitation. For all purification steps, samples were kept at 4°C. The pH of 7.5 was 
used for all buffers as this pH was found to be optimal for enzyme activity (data not 
shown).  Frozen cell pellets were resuspended in lysis buffer [ 20mmol L-1 Tris pH 7.5, 
10mmol L-1 MgCl2, 5mmol L-1 NaHCO3, 1mmol L-1 EDTA, and 1mmol L-1 dithiothreitol 
(DTT)], sonicated twice for 30 sec with glass beads, and centrifuged (5000g, 15 min).  
(NH4)2SO4 was added to the supernatant to a final concentration of 30% saturation, and 
proteins were allowed to precipitate for 15 min.  After centrifugation (5000g, 15 min), the 
pellet was discarded and the supernatant was brought to 50% (NH4)2SO4 saturation.  
Proteins that precipitated at 30-50% (NH4)2SO4 saturation were collected by 
centrifugation and dissolved in BBMD buffer (50mmol L-1 bicine pH7.5, 25mmol L-1 
MgCl2, 5mmol L-1 NaHCO3, and 1mmol L-1 DTT).  The partially purified proteins were 
desalted into BBMD buffer (HiPrep 26/10 desalting column; Amersham Biosciences, 
New Jersey, USA). 
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Verification of RubisCO activity 
RubisCO activity in partially purified protein extracts was monitored by the 
incorporation of 14CO2 into 3-phosphoglycerate (PGA).  0.5 mL of  purified RubisCO 
extracts were added to 1 mL of assay buffer [50mmol L-1 bicine, pH 7.5, 20mmol L-1 
MgCl2, 5mmol L-1 NaHCO3, 1mmol L-1 DTT, and 2µCimL-1 DI14C (MP Biomedicals, 
Irvine CA)] and pre-incubated for 15 min.  Reactions were started by the addition of 1 
mmol L-1 ribulose-1,5-bisphosphate (RuBP) (Sigma R0878, USA).  At 30 sec intervals, 
350 µl portions were removed from the reaction mix and added to 200 µl glacial acetic 
acid to stop the reaction.  After the samples were dried by sparging with air, 3 mL of 
ScintiSafe Plus 50% scintillation cocktail (Fisher Scientific #SX25-5, USA) were added.  
Assays lacking RuBP were performed as a control for CO2 fixation independent from 
RubisCO activity.  
KCO2 measurements  
The KCO2 and Vmax of S. costatum RubisCO were measured radiometrically 
(Horken and Tabita 1999; Schwedock et al., 2004). The assay buffer (50mmol L-1 bicine, 
pH 7.5, 30mmol L-1 MgCl2, 1mmol L-1 DTT) was prepared with low CO2 and O2 
concentrations as in Schwedock et al., 2004, with a buffer composition (e.g., MgCl2 
concentration) similar to previous  KCO2 determinations to permit comparisons. Eight 
different incubations were conducted with DIC concentrations ranging from 0.2 to 14 
mM in glass vials primed with stir bars and sealed under an N2 overpressure with gas-
tight septa.  Before the reaction was started, 2 µCi mL-1 DI14C and bovine erythrocyte 
carbonic anhydrase (40 μgmL-1; Sigma C3934) were added to each vial.  Approximately 
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~1 mgml-1 of partially purified S. costatum RubisCO in BBMD buffer was then added, 
followed quickly by RuBP (0.4 mM final concentration) to begin the reaction.  Samples 
(200 µl) were removed with a gastight syringe at 1 min intervals over a 4 min time 
course.  These samples were immediately injected into scintillation vials containing 
200µl glacial acetic acid to quench the reaction and remove 14CO2.  The samples were 
sparged with air and left for approximately 6 hours to ensure that they were completely 
dry before 3 mL scintillation cocktail were added to quantify the acid-stable (fixed) 14C.  
The initial activity of each incubation was measured by injecting 10 μl samples into 
scintillation cocktail containing phenylethylamine (SX10-1000 Fisher Scientific, USA) to 
trap the NaH14CO3.  Both acid-stable 14C samples and the initial activities were measured 
via scintillation counting.  Five independent experiments were conducted.KCO2 and Vmax 
values for the five experiments were estimated from the carbon fixation rates using direct 
linear plots (Eisenthal and Cornish-Bowden 1974), which treats each data point equally, 
unlike linearizations such as Lineweaver-Burk, which overemphasize data points from 
the lowest and highest substrate concentrations. 
RubisCO isotope discrimination 
The ε-value of partially purified S. costatum RubisCO was measured at pH 7.5 
using the high-precision substrate depletion method (Boller et al., 2011; Scott et al., 
2004b).  The reaction was prepared by sparging BBMD buffer with N2 to minimize the 
concentration of O2, and 1 mg / 25 mL of bovine erythrocyte carbonic anhydrase (CA; 
Sigma 3934, USA) was added to maintain DIC at chemical and isotopic equilibrium.  
Partially purified RubisCO was added to the BBMD buffer to a final concentration of ~1 
41 
 
mg mL-1 protein.  This reaction mixture was then filter sterilized (0.45µm) and loaded 
into a heat-sterilized, septum-sealed 25 mL glass gastight syringe with a stir bar.  After 
activating the RubisCO by incubating the enzyme for 15 min at 25°C in the gastight 
syringe, filter-sterilized (0.22µm) enzymatically synthesized RuBP (~100 µmoles; Scott 
et al., 2004b) was injected into the syringe to begin the reaction. 
The concentration and δ13C value of DIC were measured over time, as the 
RubisCO reaction consumed CO2.  Triplicate samples were acidified in gas tight syringes 
with 43% phosphoric acid (1:4 ratio) to terminate the reaction and convert the DIC to 
CO2.  The [DIC] of the triplicate samples was measured via gas chromatography 
(HP/Agilent 5890A, USA) (Dobrinski et al., 2005). Using a vacuum line, the DIC was 
cryodistilled from one of the samples from each time point for δ13C determination using a 
gas inlet mass spectrometer (O'leary 1980; Scott et al., 2004b) at the Boston University 
Stable Isotope Laboratory. 
Five independent ε measurements were performed using partially purified S. 
costatum RubisCO.  ε values were calculated by regressing the natural log of the 
concentration of DIC against the natural log of its isotope ratio (R = 13DIC/12DIC;lnR = 
((αC)-1 – 1)× ln[DIC] + ln( RDIC0× ([DIC0]((1/αC) – 1))-1), where C =Rbicarbonate× RCO2-1)(Scott 
et al., 2004b), which accounts for the equilibrium isotope effect between CO2 and 
bicarbonate (Mook et al., 1974), since the δ13C of DIC is what is actually measured in 
these experiments. Values of ε were then calculated from α values, the kinetic isotope 
effect, as ε = (α -1)×1000. The average ε value from replicate experiments was calculated 
using a Pitman estimator (Scott et al. 2004a). To determine whether alternate 
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carboxylases were fixing CO2, incubations were also run without RuBP, as well as in the 
presence of 5mmol L-1 3-PGA (Sigma P8877, USA).  Parallel incubations were also 
conducted with spinach RubisCO (sigma R8000) to verify the reliability of the methods 
used here. 
Results 
Sequencing the cbbL gene of S. costatum resulted in an improved sequence, resolving 
101 nucleotides which were previously ambiguous (GenBank: AF015569.1).  A
 
Figure 1. Phylogenetic analysis of selected RubisCO large subunit genes (cbbL). Amino 
acid sequences were aligned using MUSCLE program and a maximum likelihood tree 
was created (MEGA 4 software; Tamura et al., 2007).  Form II RubisCO genes were used 
to form the outgroup of the tree. 
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phylogenetic analysis was completed using this sequence to confirm the placement of the 
S. costatum cbbL gene among other form ID RubisCO cbbL genes (Fig. 1). 
RubisCO was the only carboxylase activity detected in the extracts used for these 
experiments; [DIC] decreased over time, and 14C-DIC was fixed, only in the presence of 
RuBP (Fig. 2).  The product 3-PGA was also added to reactions which did not include 
RuBP, to confirm that the product of the reaction did not stimulate any additional DIC 
consumption (Fig. 3). The KCO2 and Vmax, calculated from three independent experiments, 
were found to be 48.9(+/- 2.8) μmol and 1.65(+/- 0.06) μmol min-1mg-1, respectively. 
The five alpha values (1.019, 1.018, 1.019, 1.015, 1.020), were calculated from 
the inverse of the slope, which has an associated standard deviation symmetrical to the 
slope value. Since the alpha values are calculated from the inverse of the slope and the 
standard deviation is assymetrical around the average alpha (and epsilon value), the 
average epsilon value is presented with a 95% CI. S. costatum RubisCO had ε values of 
15.9‰, 18.6‰, 19.0‰, 19.7‰, and 20.2‰ (Fig. 4), with the Pitman average ε value of 
18.5‰ (95% CI:17.0-19.9‰). The CI has a narrower range than the observed individual 
ε values because the Pitman estimator generates very narrow 95% CI’s that have been 
rigorously demonstrated to cover the true value 95% of the time (Scott et al., 2004). 
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Figure 2. Radiometric assay of partially purified S. costatum RubisCO.  Assays were 
conducted in the presence (open symbols) and absence (filled symbols) of RuBP to 
confirm that all detectable carboxylase activity was due to RubisCO. 
 
 
Figure 3. The consumption of DIC over time by S. costatum RubisCO.  Five independent 
incubations which include RuBP (open symbols) were used to calculate the ε value of S. 
costatum RubisCO.  The experiments conducted in absence of RuBP (filled symbols) 
demonstrate the lack of alternative carboxylase activity.  Filled square symbols indicate 
incubations to which 3-PGA had been added. 
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Figure 4. Isotopic fractionation of dissolved inorganic carbon (DIC) as CO2 is consumed 
by S. costatum RubisCO (open symbols) and spinach RubisCO (filled symbols). The 
dotted line represents the results from the average ε value from the five S. costatum 
RubisCO experiments, while the solid line represents the line resulting from the average ε 
value from the three spinach RubisCO experiments. 
 
Discussion 
 The KCO2and Vmax values of Skeletonema costatum RubisCO were similar to those 
measured for other form ID RubisCO enzymes from diatoms and rhodophytes (KCO2 = 5 - 
60 µmol L-1;Vmax = 0.7 – 1.7µmol min-1mg-1; (Horken and Tabita 1999)).  The ε value 
fell within the range measured for other form I RubisCOs (11.1‰ - 29‰; Table 1; 
(Boller et al., 2011; Mcnevin et al., 2007; Robinson et al., 2003; Scott et al., 2007; Scott 
et al., 2004b)). S. costatum RubisCO ε value is significantly different from E. huxleyi 
RubisCO ε value as well as spinach RubisCO ε value. While the S. costatum ε value is 
lower than those measured from form IA or IB enzymes, it is not as low as the ε value 
measured for E. huxleyi form ID enzyme, and is actually similar to form II RubisCO ε 
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values.  While this result is unexpected for form I RubisCO enzymes, replicate 
experiments conducted with S. costatum enzyme purified from separate cultures were 
consistent, with ε values falling within a 4.3‰ range (15.9-20.2‰; Fig. 4). 
The RubisCO ε value measured for S. costatum is consistent with intact cell 
isotope discrimination measured in cultures.  Isotope discrimination by whole cells is 
calculated as ε p (ε p, = [RCO2/Rbiomass – 1] × 1000), and ranges from 6.2‰ to 19‰ for S. 
costatum (Burkhardt et al., 1999b; Falkowski 1991; Gervais and Riebesell 2001; Hinga et 
al., 1994; Leboulanger et al., 1995).  ε p values were low (6.2 to 14‰) when S. costatum 
was grown under low CO2 conditions or stimulated with light intensity to increase growth 
rate (Burkhardt et al., 1999a; Burkhardt et al., 1999b; Gervais and Riebesell 2001; Hinga 
et al., 1994).  Conversely, ε p values were higher (12.4 to 19 ‰) with elevated [CO2], or 
with decreasing growth rate due to nutrient or light limitation.  Similar changes in ε p 
values were seen in other diatom species as well as coccolithophores and dinoflagellates 
(Burkhardt et al., 1999a; Burkhardt et al., 1999b; Falkowski 1991; Hinga et al., 1994; 
Leboulanger et al., 1995).  The specific factors limiting phytoplankton growth rate (i.e. 
light or nutrients) had differing influences on ε pvalues, depending on limiting factor, in 
the diatom Phaeodactylum tricornutum (Riebesell et al., 2000).  ε p values were 
considerably higher in nitrogen limited cultures (Laws et al., 1995, 1997) at all tested 
growth rates under similar [CO2] when compared to light-controlled growth (Johnston 
1996, Burkhardt et al., 1999a, Riebesell et al., 2000).  ε pvalues also tend to be higher (12 
- 25‰) in smaller species (Burkhardt et al., 1999a; Burkhardt et al., 1999b). 
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ε p values lower than enzyme ε values, which occur when CO2 concentrations are 
low or growth rates are high (see above), can be attributed to isotopically enriched 
intracellular CO2 pools.  As growth rate increases, the rate of CO2 fixation by RubisCO 
approaches the rate of exchange between intracellular and extracellular CO2 pools (Scott 
2003).  Because RubisCO fixes 12CO2 more rapidly than 13CO2, a pool of isotopically 
enriched intracellular DIC is formed.  Hence isotopically enriched biomass is produced 
by RubisCO when drawing from a more isotopically enriched intracellular CO2 pool.  
Additionally, in low [CO2] environments, some marine autotrophs will transport HCO3- 
using a CCM and convert the HCO3- into CO2 using carbonic anhydrase (CA) (Reinfelder 
2011). CCM’s lead to isotopically enriched intracellular CO2 pools by decreasing the 
exchange of DIC between intercellular and extracellular pools.  Larger cell size, or the 
smaller surface area to mass ratio, can also lead to isotopically enriched intracellular CO2 
pools due to the lower rate of exchange with the environment when compared to smaller 
cells (Burkhardt et al., 1999a; Burkhardt et al., 1999b).  Therefore, the measured culture ε 
p values lower than enzyme ε values (18.5‰) can be mainly attributed to a lower rate of 
exchange between intracellular and extracellular CO2 pools, relative to carbon fixation 
rates.  
The enzymatic ε value measured for S. costatum is also consistent with ε p values 
measured from blooms where S. costatum or mixed diatom species were the primary 
species of phytoplankton in the bloom (10.6‰ to 20.3‰; Dehairs et al., 1997; Goering et 
al., 1990; Korb et al., 1996; Kukert and Riebesell 1998; Ostrom et al., 1997; Popp et al., 
1999).  Some of this variability in ε p values among blooms is likely due to variability in 
isotope fractionation by different RubisCO enzymes in different diatom species; 
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however, the bloom ε p values are comparable to those measured in mono-species cultures 
(see above).  Similar to cultures, some variability in ε p values for diatom blooms can also 
be attributed to changes in [CO2] or growth rates, caused by environmental factors, such 
as temperature, nutrient limitation, photon flux density, or pH (Brutemark et al., 2009; 
Johnston 1996; Riebesell et al., 2000).  Consistent with this possibility, bloom organisms 
tend to have lower ε p (10.6‰ -12.2‰) at the end of the bloom, when CO2 demand is 
high due to elevated growth rates (Kukert and Riebesell 1998).  With the measured ε 
value of S. costatum, the δ13C values of intracellular CO2 can be estimated, and with 
them, the relative rates of CO2 exchange and fixation.  This information could be used to 
obtain more precise estimates of in situ carbon fixation rates.   
Because S. costatum and other diatoms can quickly become the dominant 
phytoplankton species, isotopically less selective RubisCO can lead to δ13C enriched 
oceanic biomass around the area of a bloom.  For example, zooplankton from areas with 
diatom blooms have relatively high δ 13C biomass values compared to zooplankton found 
near phytoplankton with depleted δ 13C biomass ((Fry and Wainright 1991).  The 
coccolithophore Emiliania huxleyi, another bloom forming organism, also has been 
shown to have a RubisCO with low ε values (11.1‰; Boller et al., 2011).  If RubisCO 
enzymes from marine phytoplankton generally have lower ε values this could, in part, 
explain why marine organic carbon is 13C-enriched relative to terrestrial C3-based 
ecosystems. 
With rising atmospheric CO2 concentrations, it is essential to have accurate 
carbon cycle modeling.  Since some carbon cycle models rely on δ13C values to estimate 
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carbon fixation rates (Rayner et al., 2008), it is crucial to determine the isotopic 
discrimination by RubisCO.  Because isotopic discrimination by RubisCO varies 
substantially among organisms, a single ε value must not be applied in a blanket manner 
across taxa (Table 1).  If other form ID RubisCOs prove to also be isotopically less 
selective, changes may be required for more accurate predictions in current food web and 
oceanic carbon modeling equations that use δ13C values (Loubere and Bennett 2008; Post 
2002; Rayner et al., 2008).  Collecting isotopic fractionation data from RubisCO enzymes 
from diverse organisms will allow for more inclusive carbon models that will generate 
better estimations of global carbon fixation. 
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Chapter 4: Isotope Discrimination by Form IC RubisCO 2. 
Five alternative pathways to the Calvin-Benson-Bassham cycle exist in 
autotrophic prokaryotes, each of which differ in energetic expense, oxygen sensitivity, 
and cofactor requirements (Fuchs, 2011). It is often difficult to infer which carbon 
fixation pathway is operating in contemporary and ancient microbially-dominated 
habitats, as it is not always possible to collect biochemical and/or nucleic acid-based 
evidence for pathway presence, particularly in fossil biomass samples. Instead, variations 
in the relative amounts of 12C and 13C in autotrophic microbial biomass, expressed as 
δ13C values (= {[Rsample/Rstandard] – 1} X 1000; Rsample = 13C/12Csample, Rstandard = 
13C/12CPeeDeeBelemnite), can be used to gather information about the metabolic pathway(s) 
used by these organisms.  For autotrophs, δ13C values can also be used to ascertain the 
rate of CO2 exchange between the cell and the environment, to determine the source of 
the CO2, and to elucidate environmental factors influencing carbon fixation (Hayes, 
2001).  The broad range of δ13C values collected for autotrophic microorganisms (δ13C = 
-8‰ to -35‰) has been utilized as evidence for the interplay of these factors.  However, 
in order for the influence of the above factors to be rigorously evaluated, the baseline 
fractionation by the carboxylase(s) responsible for carbon fixation must be measured 
(Peterson and Fry, 1987; Fuchs, 1989; Goericke et al., 1994; Hayes, 2001; Scott, 2003). 
2. This is a heavily modified version of a chapter that was previously published in Phaedra 
Thomas’s thesis “Stable carbon isotope discrimination by form IC RubisCO from Rhodobacter 
sphaeroides”, 2008. The entire chapter was rewritten to include background information, data, 
and discussion of the Ralstonia eutropha RubisCO enzyme. 
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Figure 5.  Maximum likelihood tree of RubisCO large subunit (cbbL) nucleotide 
sequences.  The nucleotide sequences obtained from GenBank were translated to amino 
acid sequences and aligned based on the amino acid sequences using BIOEDIT (Hall, 
2007).   The alignments were examined to make certain that active sites and other 
conserved regions were properly aligned.  Nucleotide sequences were used to assemble a 
phylogenetic tree with MEGA 3.1 software, using the Kimura 2-parameter nucleotide 
model with 1000 replicates for calculating bootstrap values (Kumar et al., 2004). 
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RubisCO (ribulose 1,5-bisphosphate carboxylase/oxygenase), the carboxylase 
enzyme used in the Calvin-Benson-Bassham (CBB) cycle, exists in six different forms 
that are catalytically active as carboxylases (IA, IB, IC, ID, II, and III; Figure 5). Form I 
RubisCO is present in cyanobacteria (IA, IB), some proteobacteria (IA, IC), most 
chloroplasts (IB, ID) (Tabita, 1999), and the firmicute Sulfobacillus acidophilus (IC/ID) 
(Caldwell et al., 2007).  Form II is found in proteobacteria and some dinoflagellates, and 
form III is present in some archaea (Tabita, 1999).  Given the divergent forms of 
RubisCO, it is not surprising that RubisCO enzymes discriminate against 13CO2 to 
different degrees.  Isotope discrimination (ε ={[12k/13k] – 1} X 1000; 12k and 13k = rates 
of 12C and 13C fixation; (Guy et al., 1993) has been measured in a limited number of form 
IA, IB, ID and II enzymes, and ranges from 11.1 to 29‰ (Roeske and O'Leary, 1984, 
1985; Guy et al., 1993; Robinson et al., 2003; Scott et al., 2004a; Scott et al., 2007; 
Boller et al., 2011). Since the form IC RubisCOs share more sequence similarity to form 
ID RubisCOs than to form IA and IB enzymes (Figure 5), their degree of isotopic 
discrimination may be closer to the values measured from the form ID RubisCO enzymes 
(11.1 -18.6‰; Boller et al., 2011; Boller, 2012).  
Isotope discrimination by form IC RubisCO has not been measured, despite the 
presence of this enzyme in many proteobacteria of ecological and commercial interest, 
including marine manganese-oxidizing bacteria (Caspi et al., 1996; Paul et al., 2000), 
some nitrifying and nitrogen-fixing bacteria, and soil microorganisms like the extremely 
metabolically versatile bacteria, Rhodobacter sphaeroides (Tabita, 1999) and Ralstonia 
eutropha (Cramm, 2009; Fig. 5).  R. sphaeroides is an α-proteobacterium capable of 
nonoxygenic photolithoautotrophic growth and photoheterotrophic growth (Qian and 
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Tabita, 1996).  This organism has two RubisCO enzymes, a form IC RubisCO and a form 
II RubisCO (Gibson and Tabita, 1977), which are differentially expressed in response to 
a variety of growth conditions, e.g. CO2 concentration (Dubbs and Tabita, 2003).  R. 
eutropha, is a respiratory facultative lithoautotrophic  β-proteobacterium, which can use 
hydrogen as a sole energy source, but can also can grow heterotrophically using organic 
compounds for energy (Bowien and Kusian, 2002; Cramm, 2009). R. eutropha has been 
found in both soil and water ecosystems and was shown to be a major component of the 
soil microbes contributing to CO2 fixation by terrestrial ecosystems, accounting for ~ 4% 
of the total terrestrial carbon fixation each year (Yuan et al., 2012).  R. eutropha is able to 
produce polyhydroxyalkanoates, a biodegradable polymer which can act as substitute for 
petroleum-based plastics (Khanna and Srivastava, 2005; Chanprateep, 2010), but also 
may allow for greater carbon retention in soils since they are not readily turned over or 
mineralized. Unlike R. sphaeroides, R. eutropha only has one RubisCO enzyme, which is 
encoded with the majority of the other CBB genes in one large operon (Bowien and 
Kusian, 2002). 
In order to be able to detect the isotope signature of organisms using form IC 
RubisCO for carbon fixation, we measured the ε value for R. sphaeroides and R. 
eutropha RubisCO using the high-precision substrate depletion method (Guy et al., 2003; 
Robinson et al., 2003; and Scott, 2003). Since the ε value is roughly equal to the 
difference between the δ13C of the CO2 source from which the RubisCO is drawing 
(intracellular CO2) and the δ13C of the CO2 that it fixes (Guy et al., 1993; Scott et al., 
2004a), heterogeneity in RubisCO ε values is likely to be responsible for some of the 
δ13C scatter observed in CBB autotrophs.  If the ε values from IC RubisCO are known, 
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the values could be used to calculate the expected δ13C of an organism’s biomass.  
Knowing the expected δ13C biomass value of an organism could allow them to be 
distinguished from organisms using alternative carbon fixation pathways as well as from 
other CBB autotrophs using RubisCO enzymes with significantly different ε values.  
Given the low ε values for form ID enzymes (Boller et al., 2011), it was of interest to 
determine whether form IC/D enzymes were also less isotopically selective. 
Methods 
RubisCO purification 
 
Form IC enzyme was cloned from R. sphaeroides and R. eutropha, expressed in 
Escherichia coli, and purified using standard HPLC protocols (Lee and Tabita, 1990; 
Horken and Tabita, 1999).  The purity of the enzyme was verified by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Lee and Tabita, 1990).   
RubisCO isotope discrimination 
RubisCO ε values were determined by using the substrate depletion method, in 
which a buffered solution of RubisCO, carbonic anhydrase (CA), ribulose 1,5-
bisphosphate (RuBP), and dissolved inorganic carbon is sealed in a gastight syringe 
(Scott et al., 2004).  The ε value is calculated from the changes in the δ13C value of the 
dissolved inorganic carbon pool as it is consumed by RubisCO (Scott et al., 2004a).  
RuBP was synthesized enzymatically to minimize the concentration of inhibitory isomers 
present in commercially-available RuBP (Scott et al., 2004; Scott et al., 2007).  Fresh 
RuBP was stored at -70°C and used within one week of synthesis.      
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Form IC RubisCO was prepared for the reaction by desalting it into RubisCO buffer 
(50mM bicine pH 7.5, 25mM MgCl2, 5mM NaHCO3, 1mM dithiothreitol), using PD-10 
columns (Amersham Biosciences, NJ).  20 mL of reaction buffer (RubisCO buffer 
without NaHCO3) was sparged with N2 and 1 mg of bovine carbonic anhydrase (CA) was 
added.  This solution was filter-sterilized and loaded into a glass gastight syringe sealed 
with a septum.  Filter-sterilized NaHCO3 (final concentration of 5 mM) and RubisCO (~1 
mg/mL) were added to the reaction syringe and activated for 10-15 minutes.  The 
reaction was started by injecting fresh RuBP (~5 mM) into the syringe, and was 
maintained at 25°C.  Reaction progress was monitored by removing samples and 
injecting them into a gas chromatograph (Dobrinski et al., 2005) to measure the dissolved 
inorganic carbon concentration (DIC, = CO2 + HCO3- + CO3-2).   
For R. sphaeroides, samples were removed over the time course of the reaction 
from the reaction syringe, acidified with 43% phosphoric acid, and injected into a 
vacuum line to cryodistill the DIC (Scott et al., 2004).  The cryodistilled DIC samples 
were sent to the Boston University Stable Isotope Facility for measurement of the δ13C of 
the DIC.   
For R. eutropha samples were removed over the time course of the reaction and 
acidified with 2 ml of 85% phosphoric acid.  δ13C of the DIC was measured using a 
(Thermo Fisher Scientific (Finnigan) Delta V 3 keV) Isotope Ratio Mass Spectrometer. 
ε values were derived from the DIC concentrations and the δ13C values of the DIC 
as calculated in Scott et al. (2004).  A modified version of the Rayleigh distillation 
equation was used:  
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          ln(RDIC) = {(1/αC) -1} x ln[DIC] + ln{(RDIC0/[DIC]0) (1/αC – 1)} 
                  
                 where  
RDIC  = 13C/12C of DIC at a particular timepoint 
RDIC0  = RDIC at the first timepoint 
[DIC]  = concentration of DIC at a particular timepoint 
[DIC]0 = [DIC] at the first timepoint 
C  = RHCO3-/RCO2 from Mook et al. (1974)   
α = k12/k13 = kinetic isotope effect for CO2     
 
The ε values were calculated from the slope of this line (ε = (α- 1) ×1000), and data from 
multiple runs were averaged using Pitman Estimators (Scott et al., 2004).   
Results 
As expected, carbon fixation by form IC RubisCO of R. sphaeroides and R. 
eutropha results in isotopic enrichment of the remaining dissolved inorganic carbon (Fig. 
6, Fig. 7, Fig. 8).  The ε value for the R. sphaeroides enzyme is 22.9‰ with a 95% 
confidence interval of 21.4-24.7‰, while R. eutropha RubisCO enzyme has an ε value of 
19.0‰ with a 95% confidence interval of 17.5 - 20.4‰.  R. sphaeroides and R. eutropha 
RubisCO are both less isotopically selective than spinach RubisCO (ε = 28.3‰; 95% CI 
24.6-32.1‰, when incubated under identical conditions; Boller et al., 2011). 
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Figure 6.  Assay of changes in DIC for R. sphaeroides and R. eutropha RubisCO. 
Changes in the concentration (solid symbols) and δ13C (open symbols) of DIC over time 
for R. sphaeroides RubisCO (squares) and R. eutropha RubisCO (circles) sealed in a 
sterile, gastight syringe in buffer with ribulose 1,5-bisphosphate and carbonic anhydrase. 
 
Figure 7.  Natural log-transformed isotope ratios (R= 13C/12C) and concentrations of 
dissolved inorganic carbon (DIC) during carbon fixation by form IC RubisCO from R. 
sphaeroides.  Results from nine independent experiments are shown, each depicted with a 
different symbol along with a dotted line representing the Pitman average of the 
experiments.  
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Figure 8.   Natural log-transformed isotope ratios (R= 13C/12C) and concentrations of 
dissolved inorganic carbon (DIC) during carbon fixation by form IC RubisCO from R. 
eutropha.  Results from five independent experiments are shown, each depicted with a 
different symbol along with a dotted line representing the Pitman average of the 
experiments. 
Discussion 
While both ε values fall within the range of other measured RubisCO ε values 
(Table 1), they still are significantly different from previously measured values.  R. 
sphaeroides RubisCO has an ε value similar to form II RubisCO from Rhodospirillum 
rubrum and form IB RubisCO from Anacystis nidulans.  R. eutropha RubisCOs ε value is 
closer to form ID RubisCO from Skeletonema costatum and form II RubisCO from the 
tubeworm symbiont. Even though the amino acid sequences of R. sphaeroides and R. 
eutropha are 85% similar, the ε values were 3.9‰ apart, and larger than those measured 
for form ID enzymes, with which they share approximately 73% sequence identity.   
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The δ13C value of R. sphaeroides or R. eutropha biomass, when it fixes carbon 
with form IC RubisCO, can be predicted from the RubisCO ε value.  Organisms that fix 
carbon with IC enzymes, should they all fractionate similarly to the R. sphaeroides and R. 
eutropha enzymes, are likely to have biomass δ13C values similar to other CBB 
autotrophs whose RubisCO ε values have been determined.  When an organisms’ whole-
cell isotopic discrimination (δ13CCO2 - δ13Cbiomass) is plotted against its RubisCO ε value, 
it is apparent that organisms fixing carbon via RubisCOs with larger ε values fractionate 
carbon to a greater extent (Table 2, Figure 9).  Since the R. sphaeroides RubisCO has an 
ε value similar to the enzyme from R. rubrum, it is likely that whole-cell discrimination 
by R. sphaeroides is comparable to that observed in R. rubrum when grown 
autotrophically. Indeed, biomass δ13C values for R. sphaeroides and R. eutropha can be 
predicted from the R. rubrum, R. eutropha, and R. sphaeroides ε values, as well as R. 
rubrum whole-cell isotope discrimination:   
                 εR rubrum = 22‰ 
                        εR sphaeroides = 22.9‰ 
                     εR eutropha = 19.0‰ 
 
                       For R. rubrum, δ13CCO2 - δ13Cbiomass = 12.3‰ 
                                         Since εR sphaeroides - εR rubrum = 0.9‰, 
                    For R. sphaeroides, predicted εbiomass = δ13CCO2 - δ13Cbiomass ≈12.3 + 0.9       
                                       = 13.2‰ 
                                            Since εR sphaeroides - εR eutrophia = 3.0‰, 
                For R. eutropha, predicted εbiomass = δ13CCO2 - δ13Cbiomass ≈12.3 + 3.0       
                                                = 15.3‰ 
 
                                                                 If δ13CCO2 ≈ -8‰, then 
                                                                 δ13CR.sphaeroides ≈ -8‰ - 13.2‰ = -21.2‰ 
                                                                 δ13CR. eutrophia ≈ -8‰ - 15.3‰ = -23.3‰ 
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Table 2. δ13CCO2 and δ13Cbiomass values from autotrophic organisms whose RubisCO ε 
values have been determined 
Species δ13CCO2 (‰) δ13Cbiomass (‰) Reference 
Riftia pachyptila symbiont -6.6 to -7.8 -9 to -16 (Scott, 2003) 
Solemya velum symbiont -14 to -18 -30 to -35 (Scott et al., 2004a) 
C3 plants (Spinach)  -8 -22 to -30 (Hayes 2001) 
Rhodospirillum rubrum -14.4 to -15.1 -27.4 to -28.1 (Roeske and O'Leary, 
1985)  
Emiliania huxleyi -9 to -14 -9 to -26 (Benthien et al., 2007) 
Skeletonema costatum -10.7 -17.6 to -24.5 (Burkhardt et al., 1999) 
 
Figure 9.  Whole-organism isotopic discrimination (δ13CCO2 - δ13Cbiomass) versus 
enzymatic isotopic discrimination (RubisCO ε values).  The predicted εbiomass value for R. 
sphaeroides and R. eutropha assumes whole-cell fractionation similar to R. rubrum (see 
Discussion for details), and the predicted range (whiskers on graph) assumes changes in 
whole-organism isotopic discrimination similar to what has been observed in other 
organisms in response to changes in CO2 supply and/or demand. 
 
A biomass δ13C values between -23.3 to -21.2‰ would place R. sphaeroides, R. 
eutropha and other form IC autotrophs within the range of δ13C values observed for other 
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CBB autotrophs. Additionally, their δ13C values should be more negative than what is 
expected for organisms using the rTCA or 3-hydroxypropionate cycles for carbon 
fixation (Hayes, 2001); Figure 10), allowing them to be distinguished by their biomass 
δ13C value from organisms using these alternative carbon fixation pathways.  
                                                        Biomass δ13C (‰) 
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Figure 10.  Biomass δ13C values from organisms using alternative autotrophic pathways. 
δ13C values of atmospheric CO2 and biomass from autotrophic organisms using the 3-
hydroxyproprionate pathway (3-HPP), the reverse citric acid cycle (rTCA), the acetyl-
CoA pathway, and the C3-Calvin Benson Bassham cycle (C3-CBB). 
 
Autotrophic microorganisms contribute to CO2 assimilation in aquatic systems, 
but form IC RubisCO from soil microbes could account for up to 4% of the total CO2 
fixed by terrestrial ecosystems each year (Yuan et al., 2012).  R. eutropha is a major 
autotrophic member in paddy soils and due to its ability to produce 
polyhydroxyalkanoates a highly stable form of carbon, it is especially important to 
retention and sequestration of atmospheric CO2 (Yuan et al., 2012). Because of the 
presence of facultative autotrophic bacteria in paddy soils as well as increased RubisCO 
activity, compared to other soils, flooded terrestrial soil systems, like paddy soils, should 
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be investigated as a land use option for maximizing the drawdown of atmospheric CO2. 
To confirm the role soil microbes with form IC RubisCO play in the global carbon cycle, 
more detailed isotopic studies need to be preformed; however, with the base line for 
isotopic discrimination, the actual impact will be easier to elucidate in future studies.       
Future work with Form IC RubisCO will involve sampling the full phylogenetic 
breadth of Form IC RubisCOs to determine whether all Form ICs have ε values that fall 
within the range observed for other RubisCOs. ε values for IC RubisCOs from other soil 
microorganisms such as Nitrosospira sp., Bradyrhizobium japonicum, Mycobacterium sp. 
and Rhodopseudomonas sp., would be of particular interest as majority of cloned rcbL 
sequences extracted from soil samples clustered with Bradyrhizobium and 
Rhodopseudomonas sequences (Yuan et al., 2012) . In order to sample the full 
phylogenetic spectrum of the IC RubisCO group, ε values could be measured for 
RubisCOs from, Burkholderia sp.as the enzyme is present in IC clades distinct from the 
clades containing R. sphaeroides and R. eutrophia RubisCO and Bradyrhizobium sp. and 
Rhodopseudomonas sp.(Figure 5).  It would also be of great interest to measure the ε 
value of RubisCO from the firmicute, Sulfobacillus acidophilus because it is an outlier 
from the Form IC and ID clades (Figure 5).  Elucidating the degree of isotopic 
discrimination by form IC enzymes, broadly sampled, would make it possible to use 
stable carbon isotope analyses to learn more about the role form IC RubisCOs play in the 
environment and the global carbon cycle.  
 
 
63 
 
 
 
Chapter Five: Conclusion 
Isotopically less selective RubisCO and δ13C values 
Isotopically less selective RubisCO enzymes not only affect biomass δ13C values 
but also estimations of carbon fixation rates based on biomass δ13C values. When 
organisms have a high growth rate and carbon fixation rate, where the majority of CO2 
molecules that enter the cell are fixed, the isotopic fractionation of RubisCO will have 
little to no effect on the biomass δ13C values. Because RubisCO fractionation has little 
effect on the δ13C biomass values when cells are growing quickly, the biomass values 
will be enriched in 13C. Conversely, the maximum enzymatic isotope effect is expressed 
when the internal concentrations of CO2 are high and the rate of fixation is limited only 
by the enzymatic reaction or the organism has a low carbon fixation rate. In these 
conditions, organisms, which have isotopically less selective RubisCO enzymes (low ε 
values), will have 13C enriched biomass values, while organisms, which have RubisCO 
enzymes with high ε values with have 13C depleted biomass values (figure 11). When 
growing slowly or with a low carbon fixation rate, the predicted δ13C value of E. huxleyi 
biomass based mainly on the fractionation of RubisCO will be ~ 19‰ and S. costatum 
will be ~ 26‰. If the organism’s RubisCO was assumed to have an ε value of 25‰, one 
would predict a biomass δ13C value of approximately 33‰. More 13C-enriched δ13C 
values would be incorrectly attributed to a rapid growth rate, and not to an enzyme with a 
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smaller ε value. The base RubisCO enzyme ε value is necessary to correctly estimate 
carbon fixation rates or growth because RubisCO ε values have an 18‰ range. 
                                                        Biomass δ13C (‰) 
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Figure 11: Predicted biomass δ13C values based on ε values. The range of marine 
phytoplankton δ13C values (solid black line) and possible δ13C values based on different 
RubisCO enzyme isotope fractionation values (purple lines) are shown. 
 
RubisCO phylogeny vs. isotopic discrimination  
 Given the divergent forms of RubisCO, it follows that RubisCO enzymes 
discriminate against 13CO2 to different degrees with ε values spanning 18‰. The ε values 
of the form ID and IC RubisCO enzymes are significantly different from spinach 
RubisCO, which is widely considered the ‘typical’ RubisCO enzyme but is actually an 
outlier at this point (ε =29‰). What is surprising is that isotope discrimination does not 
appear to follow enzyme phylogeny. Within the form ID clade, the two enzymes sampled 
are 80% similar in amino acid sequence, but this sequence similarity is not reflected by 
kinetic similarity (ε=11.1‰ and 18.5‰, E. huxleyi and S. costatum, respectively). The IC 
enzymes studied thus far are more uniform, with 85% sequence similarity and ε values 
that only have a difference of 3.9‰ (ε=19.0‰; 22.9‰). However, this level of isotopic 
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discrimination is not unique to this clade as form IB enzyme from the cyanobacteria 
Synechococcus elongates PCC6301 (22‰) and form II (19.5‰ and 23‰), with which 
they share only 60% and 31% sequence similarity, respectively. 
While ε values are not consistent with phylogenies for the few enzymes for which 
these values have been determined, a greater selection of ε values may reveal similarities 
within clades. Subclades within forms IA, IB, IC and ID RubisCO may exhibit similar ε 
values (figure 12). Despite the large discrepancy between the ε values of the measured 
coccolithophore and diatom RubisCOs, less variance may be exhibited within subclades; 
for example, other coccolithophore RubisCOs such as Helicosphaera carteri and 
Platychrysis spp. may also have ε values similar to that measured for E. huxleyi. Given 
that dinoflagellate (Galeidinium rugatum) cbbL genes sometimes cluster with diatom 
cbbL genes and rhodophyte cbbL genes (Bostrychia moritziana and Porphyra 
rosengurttii) do not cluster either with coccolithophore or diatom RubisCO genes, it 
would be of interest to determine where their ε values fall. Form IB RubisCO cbbL genes 
of the Spinacia oleracea and Synechococcus elongatus PCC7942 are in separate clades 
within the form IB RubisCO overall clade; therefore, it is possible that form IB 
RubisCOs from higher plants would have isotopic discrimination similar to spinach 
RubisCO and cyanobacterial form IB RubsiCOs would have ε values similar to S. 
elongatus RubisCO. Form IA RubisCO cbbL genes of the Solemya velum gill symbiont 
and Prochlorcoccus marinus are also in separate clades within the form IA RubisCO 
clade, but have very similar ε values, which may indicate that most form IA RubisCOs 
discriminate to a uniform degree. Form IC RubisCO cbbL genes form several smaller 
clades, including one clade with R. sphaeroides and R. eutropha. The single clade with  
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Figure 12: Phylogenetic analysis of selected RubisCO large subunit genes (cbbL). 
Amino acid sequences were aligned using MUSCLE and a maximum likelihood tree was 
created (MEGA 4 software; Tamura et al., 2007).  Form II RubisCO genes were used to 
form the outgroup of the tree. The RubisCOs with measured ε values are included. 
  
 
 Helicosphaera carteri
 Isochrysis galbana
 Emiliania huxleyi - 11.1‰
 Chrysochromulina parva
 Platychrysis sp. TKB8934
 Pleurochrysis haptonemofera
 Porphyra rosengurttii
 Porphyridium aerugineum
 Phaeodactylum tricornutum
 Peridinium quinquecorne
 Skeletonema costatum - 18.6‰
 Thalassiosira pseudonana
 Cylindrotheca sp.
 Galeidinium rugatum
 Bostrychia moritziana
Form ID
 Nitrosospira sp.
 Burkholderia sp.
 Xanthobacter autotrophicus Py2
 Ralstonia eutropha H16 - 19.0‰
 Rhodobacter sphaeroides - 22.9‰
 Bradyrhizobium japonicum
 Rhodopseudomonas palustris CGA009
Form IC/ID Sulfobacillus acidophilus
 Solemya velum gill symbiont - 24.5‰
 Thiobacillus denitrificans
 Nitrosomonas eutropha
 Synechococcus sp. CC9902
 Prochlorococcus marinus str. NATL2A
 Prochlorococcus marinus str. MIT 9313 - 24‰ 
Form IA
 Synechococcus elongatus PCC 7942 - 22.0‰
 Synechococcus sp. PCC 7002
 Nostoc sp. PCC 7120
 Chlamydomonas reinhardtii
 Nicotiana tabacum
 Spinacia oleracea - 29‰
Form IB
 Riftia pachyptila Endosymbiont - 19.5‰
 Tevnia jerichonana Endosymbiont
 Rhodospirillum rubrum ATCC 11170 - 23‰
 Rhodobacter sphaeroides ATCC 17029
 Rhodopseudomonas palustris - II
Form II
0.2
Form IC 
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RubisCO enzymes that have ε values differing by 3.9‰ may indicate significant 
heterogeneity of ε values within form IC RubisCO. ε values of RubisCO proteins are not 
correlated with overall RubisCO phylogeny, but with further experiments may be found 
to exhibit less heterogeneity within specific clades. 
Currently neither RubisCO phylogeny nor primary, secondary, tertiary, or 
quaternary structure can be used to predict isotopic discrimination, so ε values must be 
measured.  While having an ε value example from each of the form I RubisCO enzymes 
helps establish a baseline that can be currently used to improve models, ε values of 
RubisCO enzymes from a more diverse set of organisms would be useful for more 
accurate modeling and may help determine the connection between isotopic 
discrimination and enzyme structure. Due to their large contribution to the global carbon 
cycle, ε values from more form ID RubisCO enzymes from more bloom forming 
coccolithophores and diatoms as well as dinoflagellates and rhodophytes would be 
especially useful to determine if all from ID RubisCOs are isotopically less selective and 
if there is less ε values heterogeneity within clades. Not only would a full phylogenetic 
spectrum of the form IC RubisCO group, including RubisCOs from Burkholderia sp., 
Nitrosospira sp. and Sulfobacillus acidophilus (figure 12), be informative, but 
specifically ε values from a greater selection of soil microorganisms (Bradyrhizobium sp. 
and Rhodopseudomonas sp.) would be of particular interest when determining the extent 
soil microbes contribute to the missing terrestrial carbon sink (Post and Kwon 2000; 
Karim 2008). Collecting isotopic fractionation data from RubisCO enzymes of a diverse 
set of organisms will allow for more inclusive carbon models that will generate better 
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estimations of global carbon fixation and possibly estimate the actual impact of carbon 
draw down from specific taxa or species from oceanic and terrestrial ecosystems. 
Isotopic discrimination of alternative carbon fixation pathways 
The scatter in isotope discrimination by different forms of RubisCO warrants 
revisitation of the assumptions inherent in predicting autotrophic carbon fixation 
pathways from δ13C values. Thus far, four pathways are known for autotrophic carbon 
fixation and each pathway has different effects on the δ13C of the organism’s biomass. 
The CBB cycle dominates in most oxic ecosystems; however, the rTCA cycle, found in a 
variety of autotrophic bacteria and archaea (Hugler et, al 2005), the acetyl-CoA pathway, 
found in methanogenic archaea, autotrophic sulfate-reducing bacteria, and acetogenic 
bacteria (Fuchs, 1989), and the 3-hydroxypropionate cycle (3-HPP), found in the green 
nonsulfur bacterium, Chloroflexus aurantiacus and autotrophic Crenarchaeota (Hugler et 
al., 2002), are alternative carbon fixation pathways found in microbial dominated 
ecosystems (Table 3).  
When sufficient biomass is not available for biochemical or genetic analysis, 
studying biomass δ13C values, particularly useful for fossil biomass, provides some 
indication of the autotrophic carbon fixation pathway responsible for initial carbon 
fixation. The δ13C of a CBB organism’s biomass generally is -18 to 30‰ due to 
substantial fractionation by RubisCO during carbon fixation (Hayes 2001).  However, C4 
plants, which use the CBB pathway, have δ13C values of -8‰ to -20‰ due to the initial 
fixation of carbon into C4 compounds by phosphoenolpyruvate carboxylase (PEPc; 
Hayes 2001). PEPc has an ε value of 2‰ which accounts for the 13C-enriched δ13C value  
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Table 3. The distribution of autotrophic pathways among the domains of life. *Only 
divisions with autotrophic members are listed. †It has not been determined whether 
Treponema primitia is an autotroph. Abbreviations: Calvin-Benson-Bassham cycle = 
CBB, reductive citric acid cycle = rTCA, acetyl-CoA pathway = Ac-CoA, and 3-
hydroxypropionate cycle = 3-HPP. 
 
Domain Divison* Pathways 
Bacteria Proteobacteria CBB, rTCA 
Cyanobacteria 
(Eukarya - Plants) 
CBB 
Chloroflexi 3-HPP 
Chlorobi rTCA 
Aquificae rTCA 
Firmicutes CBB, Ac-CoA 
Planctomycetes Ac-CoA 
Spirochaetes Ac-CoA† 
Archaea Crenarchaeota rTCA, 3-HPP 
Euryarchaeota Ac-CoA, CBB? 
 
seen in C4 plants (Hayes 2001). Organisms which use either the 3-HPP or rTCA cycles 
for carbon fixation have more enriched biomass values than most CBB organisms since 
the calculated overall enzymatic isotope fractionation of 13C vs. CO2 are 4 to 13‰ for the 
rTCA cycle and little to no isotopic discrimination effect for the 3-HPP cycle (Hayes 
2001). However, organisms using the acetyl-CoA pathway for carbon fixation generally 
have depleted δ13C biomass values and have a calculated overall enzymatic isotope 
fractionation of 13C vs. CO2 of 15 to 36‰ (Hayes 2001).  Even though RubisCO ε values 
can be very small (11.1‰), they are still higher than most carboxylases and the range of 
δ13C biomass values are more negative than what is expected for organisms using 
alternative carbon fixation pathways such as the rTCA or 3-hydroxypropionate cycles. 
With the baseline ε value of RubisCO, not only can the presence of CBB autotrophs can 
be distinguished from organisms using alternative carbon fixation pathways, but the 
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contribution to primary and secondary productivity of the CBB cycle in microbial food 
webs can be more accurately determined by measuring the δ13C value of biomass. 
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Figure A-1. Elsevier license for use of coccolithophore RubisCO paper. 
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Figure A-1 (continued). Elsevier license for use of the above paper. 
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Figure B-1. PloS biology open access license for use of the Thiomicrospira crunogena 
XCL-2 genome paper. 
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Figure C-1. ASM license for use of the Carbonic Anhydrase from Thiomicospira 
crunogena paper. 
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Appendix D: Response of hydrothermal vent vestimentiferan Riftia pachyptila to 
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Figure D-1. Springer license for use of the Riftia pachyptila response to differences in 
habitat chemistry paper. 
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Appendix E: Additional Figures and Tables 
 
Table E1: List of Abbreviations 
CBB Calvin- Benson-Bassham cycle 
DIC Dissolved inorganic carbon 
RubisCO Ribulose-1,5-bisphosphate carboxylase oxygenase 
RuBP ribulose 1,5-bisphosphate 
3-PGA 3- phosphoglycerate 
CCM carbon concentrating mechanism 
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